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Description 

Field of the Invention 

5 This invention relates to passive optical networks. 
Art Background 

In a passive optical communication network, signals from a central office are transmitted through one or more cou- 
10 pling elements to as many as 64 optical network unit (ONU) receivers. Conventional monitoring techniques cannot 
readily be used to identify faults on individual fibers since the inputs and outputs from each ONU distribution fber are 
conventionally multiplexed onto the same feeder fiber going to the central office. Optical time domain ref lectometry 
(OTDR) has, in fact been used to locate anomalous losses in passive optical networks. However, means have been 
generally unavailable for identifying features in the received OTDR signals with particular distribution fibers with ade- 
15 quate specificity. Moreover, coupling losses in conventional networks have reduced the sensitivity of OTD R techniques, 
placing large demands on the power of OTDR laser transmitters. 

Summary of the Invention 

20 The invention is useful in a network which includes a primary optical fiber to carry transmissions between a distri- 
bution node and a central office, multiple distribution fibers terminating at ONUs to carry transmissions between the 
ONUs and the node, and an optical coupler at the node. The network also includes a monitor for receiving transmis- 
sions which may include diagnostic information, and additional optical fibers (referred to as "bypass lines") which con- 
vey portions of at least some transmissions from the distribution fibers to the monitor without passing through the 

25 coupler. The network also includes passive components which physically label the transmissions in the bypass lines in 
such a way that diagnostic information can be ascribed to individual distribution fibers. The physical labeling is achieved 
by assigning to each distribution fiber one or more time delays, one or more monitor wavelengths, or a combination of 
time delays and wavelengths. In this way, coupling losses in monitored transmissions are reduced relative to conven- 
tional networks, and individual distribution fibers can be identified using purely passive components. 

so With reference to FIG. 1 , an optical communication network, exemplarily a telephone network, includes at least one 
single-mode optical fiber 10 for bidirectional transmission between a central office 20 and a distribution node 30. The 
network further includes a multiplicity of optical network units (ONUs) 40 at locations which are remote with respect to 
the central office. Each such remote location is, e.g., a home, or office, or a curbside substation. The network is passive 
in the sense that all monitoring of the transmission media and the ONUs can be performed at the central office, without 

35 active intervention at remote locations. Significantly, most or all of the information needed for diagnosing faults in the 
network is impressed upon the monitored signals by passive components. The term "passive optical network" (PON) 
will hereinafter be used to describe each fber 10, corresponding multiplicity of ONUs 40, and the intermediate network 
components which lie between them. (It should be noted that instead of bidirectional fiber 10, a pair of unidirectional 
fibers may be used. One such unidirectional fber belongs to an inbound, and the other to an outbound, PON, as dis- 

40 cussed below.) Multiple fibers 10 may emanate from a single central office, and thus one central office may support a 
multiplicity of PONs. 

Each ONU is capable of sending and receiving optical signals which represent digitized communication signals. For 
signal transmission, each ONU includes, e.g.. a solid state diode laser operating at a predetermined signal wavelength. 
Each ONU 40 communicates bidirectionally with node 30 by way of, e.g., one single-mode optical fiber 50. (Alterna- 
45 tively, a pair of unidirectionalty transmitting fibers may be provided in place of fiber 50. In such a case, as noted above, 
a pair of similar passive networks are provided, one for each direction of transmission between the central office and 
the ONUs.) Because transmissions from multiple ONUs are carried on a single fiber 10, some form of multiplexing is 
needed. Accordingly, the network further includes means for synchronizing the transmissions from the ONUs in order 
to produce a time-division multiplexed signal that can be carried by fiber 1 0 toward the central office. That is, time-divi- 
50 sion multiplexing is used to interleave pulse packets from different ONUs. The bit rate within a packet is typically about 
30 MegabH/s, and thus individual pulses are typically separated by about 35 ns. A guard band, typically about 500 ns 
wide, is used to separate the pulse packets from different ONUs. 

Signals which are transmitted from the central office toward the ONUs will be referred to herein as "outbound sig- 
nals". Signals transmitted oppositely will be referred to as "inbound signals." At node 30, each outbound signal is dis- 
ss tributed from fiber 10 into multiple fibers 50. Fber 10 (as well as additional f bers which function analogously to fiber 1 0) 
will be referred to herein as a "primary fber." Fibers 50 (and analogously functioning f bers) will be referred to as "dis- 
tribution fibers" because, inter alia, they distribute outbound signals to the ONUs. At least some of the components of 
the network have two ends which may be defined with reference to the directions of signal transmissions. That is, the 
end of such a component that is closer to a source of outbound signals is herein referred to as the "proximal" end, 
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because it is "proximal" the central office. Similarly, the end that is closer to a source of inbound signals is referred to 
as the "distal" end because it is "distal" the central office. 

At node 30, the outbound signal on ffcer 10 is distributed by, e.g., star coupler 60. The exemplary star coupler has 
multiple ports on its distal end, and also has multiple ports on its proximal end. (Star coupler 60 is typically an N x N 

5 coupler where N is generally at least 8, and is more typically 1 6.) An end of fiber 1 0 is connected to one of the proximal 
ports, such that optical signals pass, e.g., bidirectional^ between ffoer 10 and the star coupler. Each of fibers 50 is con- 
nected, by one end, to one of the distal ports of star coupler 60, such that optical signals pass, e.g., bidirectional^ 
between the respective fiber and the star coupler. Star coupler 60 (as well as additional star couplers which function 
analogously to it) is referred to herein as a "Stage-1" star coupler. Significantly, star coupler 60 passively splits trans- 

w missions from the central office into fibers 50, and it passively combines transmissions from ONUs 40 into fiber 1 0. (In 
alternate embodiments, separate inbound and outbound couplers are provided.) 

The network also includes a monitor 70 which can be used to detect diagnostic signals. At least some of the signals 
received by monitor 70 are inbound signals which originate at one or more ONUs, but do not pass through star coupler 
60. Instead, optical couplers 80 (which are, exemplarily, 10-dB couplers) are provided to divert portions of inbound sig- 

75 nals from at least some of fibers 50 into the distal ends of corresponding bypass lines 90. Each of bypass lines 90 is a 
single-mode optical fiber. The proximal end of each bypass line 90 optically communicates (at least with respect to 
inbound transmissions) with monitor 70 such that inbound transmissions are delivered to the monitor without first pass- 
ing through the star coupler. 

In an alternate embodiment, the inventive network includes OTDR monitor 220 of FIG. 12 instead of ONU monitor 
20 70. The OTDR monitor is used to monitor optical loss in individual fibers, loss in splices and connectors, and the loca- 
tions of fiber faults, such as breaks. At least a portion of the inbound OTDR diagnostic transmissions are delivered to 
the OTDR monitor without first passing through the star coupler. Preferred embodiments include both an ONU monitor 
and an OTDR monitor. Still more preferably, the ONU monitor and the OTDR monitor are incorporated in the network 
using silicon optical bench (SiOB) technology, which is a technology of optical waveguide integrated circuit platforms. 
25 One primary fiber can serve, typically, as many as about 64 ONUs. Thus, about 640 ONUs are readily served from 
a single central office from which radiate ten primary f foers. 

It should be noted that although diagnostic information can be retrieved at the central office through the use of 
purely passive components, it may be useful to employ an optical amplifier in order to overcome signal loss in the net- 
work. Such an amplifier is readily incorporated in the single-mode fiber which carries the signal transmissions into the 
so central office. In fact, such an amplifier is preferably located within the central office in order to avoid the need for remote 
pumping, and in order to facilitate replacement. In cases where transmission through such an amplifier would interfere 
with the monitoring scheme, means are readily provided for bypassing the amplifier. 

The invention is set out in claim 1. preferred forms heing particularised in the dependent claims. 

35 Brief Description of the Drawings 

FIG. 1 is a schematic drawing of a network in which the invention may be used. 
FIG. 2 is a schematic representation of an exemplary single-mode-to-multimode optical coupler. 
FIG. 3 is a schematic representation of an alternate single-mode-to-multimode optical coupler. 
40 FIG. 4 is a schematic representation of an exemplary NxN optical coupler useful as an alternative to a star coupler 
in practicing the invention. 

FIGS. 5 • 7 and 1 0 are representations of an exemplary monitor time base, showing possible relationships between 
received main pulses and received ghost pulses. 

FIG. 8 is a schematic representation of the inventive network in a currently preferred embodiment which includes a 
45 Stage-2 coupler as well as multiple Stage-1 couplers. 

FIG. 9 is a schematic representation of a network according to the invention which involves unidirectional fibers, 
incorporates passive components for both OTDR monitoring and ONU monitoring, and can be implemented on a mon- 
olithic silicon optica! bench platform. 

FIG. 1 1 depicts an illustrative OTDR monitor time base, exhibiting an edge-like feature which could indicate a break 
so in a fiber. 

FIG. 12 is a schematic representation of the inventive network in an alternate embodiment adapted for OTDR mon- 
itoring in which the bypass lines are coupled to the distribution fibers via wavelength division multiplexers, and OTDR 
monitoring is done via the primary ffoer. 

FIG. 13 is a schematic representation of an OTDR monitor and an electromechanical switch for connecting the 
55 monitor to one of a multiplicity of PON lines. 

FIG. 14 is a schematic representation of the inventive network in an alternate embodiment adapted for OTDR mon- 
itoring in which the bypass lines are coupled to the distribution fibers via 5-dB couplers or similar components, and 
OTDR monitoring is done via a loopback fiber. 

FIG. 15 is a schematic representation of the inventive network in an alternate embodiment adapted for OTDR mon- 
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ttoring, which includes a Stage-2 coupler and multiple Stage- 1 couplers, and the same set of monitor wavelengths is 
assigned to each Stage- 1 coupler. 

FIG. 1 6 is a schematic representation of the inventive network in an alternate embodiment adapted for OTDR mon- 
itoring, which includes a Stage-2 coupler and multiple Stage- 1 couplers, and a different set of monitor wavelengths is 
5 assigned to each Stage- 1 coupler. 

FIG. 1 7 is a schematic representation of an illustrative circuit for detecting low received power from the ONUs. 

FIG. 1 8 is a schematic representation of an illustrative circuit for detecting a faulty ONU which is transmitting at ran- 
dom intervals. 

FIGS. 19 and 20 are graphs of voltage versus time, which illustrate the operation of a circuit for detecting a faulty 
10 ONU which is transmitting continuously. 

FIG. 21 is a schematic representation of an illustrative circuit for detecting a faulty ONU which is transmitting con- 
tinuously. 

FIG. 22 schematically depicts an illustrative PON, according to the invention in one embodiment, which is adapted 
to carry both broadcast services and services such as "switched video" services which are transmitted on specific 
is channels to specific ONUs. 

FIG. 23 schematically depicts an illustrative splice enclosure within which a silicon optical bench platform embod- 
ying passive components can be housed. 

FIG. 24 depicts an illustrative OTDR trace. 

FIG. 25 schematically depicts a modification of the PON of FIG. 22, in which each distribution fiber terminates in a 
20 sub-distribution network. 

FIG. 26 schematically depicts an optical communication system, including the invention in one embodiment which 
includes two unidirectional PONs. 

FIG. 27 schematically depicts a PON, according to the invention in one embodiment, which is adapted to carry nar- 
rowband, switched broadband, and broadcast broadband transmissions. 
25 FIG. 28 schematically depicts an optical communication system, including the invention in one embodiment, which 
includes two unidirectional PONs, each adapted to carry narrowband, switched broadband, and broadcast broadband 
transmissions. 

FIG. 29 schematically depicts a PON, according to the invention in one embodiment, which is adapted to carry 
switched video services, and is also adapted for in-service monitoring on designated channels. 

30 

Plaited Precrjptipn 



Turning again to FIG. 1 , the network further includes a muttimode fber 100 which is optically coupled at its proximal 
end to monitor 70, and at its distal end to one or more proximal ports of star coupler 60, exclusive of the port to which 

35 fiber 10 is attached. (Embodiments of the invention which include star couplers are described for illustrative purposes. 
Alternate embodiments of the invention which have the same architectures as those described, but which use splitters, 
combiners, and couplers other than star couplers are readily envisioned.) Fiber 100 (as well as additional multimode 
fibers which function analogously to fiber 100) is referred to herein as a "Stage-1 loopback fiber". The proximal end of 
each of N bypass lines 90 is connected to the loopback fiber by means of a coupler 95 suitable for combining the output 

40 of N single-mode fibers into the multimode loopback fiber. As a consequence, inbound signals on the bypass lines are 
coupled into the loopback fiber, and from the loopback fiber into the monitor. 

A suitable single-mode-to-multimode coupler is conveniently described in terms of the single-mode fiber core diam- 
eter a, core-to-cladding refractive-index difference A, cladding refractive index n, and numerical aperture n.a. An exem- 
plary, commercially available multimode fiber has a core diameter of 62.5 ^m and a numerical aperture of about 0.22. 

45 The coupler is formed, as shown in FIG. 2, by, in effect tapering down to insignificant size the cladding thicknesses 
which separate the cores of N respective single-mode waveguiding channels 102. The resulting waveguide has a core 
diameter of N x a and a numerical aperture of n.a. In order to have efficient power coupling to the multimode loopback 
fiber, the numerical aperture of the loopback fiber should also be n.a, and the core diameter of the loopback fiber 
should be N x a. 

so The coupler is exemplarily manufactured by fabricating glass waveguides on a silicon substrate 103. Suitable 
dimensions are a = 4 jim, A = 0.014, and n.a = 0.22. Manufacture of components on a SiOB platform typically involves 
oxidation of the surface of a single-crystal silicon substrate, followed by phosphosilicate glass deposition, selective 
glass removal to define the waveguides, smoothing of the waveguides by heating, and deposition of a silica glass dad- 
ding. These fabrication processes are described in U.S. Patent No. 4,902,086. issued to C.H. Henry and RA Levy on 

55 Feb. 20, 1990. 

An alternative coupling strategy, depicted in FIG. 3, uses fused fiber couplers instead of SiOB components. Exem- 
plarily, single-mode fibers 1 05 are used having a = 8 jim and n.a. ■ approx. 0.1 . The fibers are etched down to an outer 
diameter of about 40 urn and then combined into a ribbon 4x4 array 106 with a separation of about 120 urn between 
the outermost core regions. A lens 107, such as a graded index rod lens, is used to image the array onto the end of a 



4 



EP0 786 878 A2 

loopback fiber 108 having, e.g., a core diameter of 62.5 urn and an outer diameter of 125 jim. 

Thus, turning back to FIG. 1 , the loopback f toer is optically coupled both to star coupler 60 and to each of the 
bypass lines. As a result, a portion of each inbound transmission from ONUs 40 reaches the monitor via the star cou- 
pler, and a portion of each transmission (with the possible exception of one ONU. denoted "ONU1" in the figure) 

5 reaches the monitor via a bypass line. Significantly, a known time delay is associated with the transmission through 
each of the bypass lines, relative to the corresponding transmission through the star coupler. (The delay corresponding 
to ONU1 , as represented in the figure, may be regarded as a zero delay.) Each delay is readily adjusted by means, e.g. , 
of optical fiber delay lines 110. Optionally, one or more transmissions in the bypass lines can even be advanced relative 
to the transmissions through the star coupler, by adding a delay line between the star coupler and ffoer 100. 

10 It is well known that multimode fibers generally exhibit greater dispersion than single-mode fibers. This would mili- 
tate against the use of a multimode ffoer as a loopback fiber. However, loopback ffoer 100 is relatively short (typically, 5 
km or less), and is readily provided with a modest dispersion, e.g., about 1 - 4 ns/km. At such values, a multimode fiber 
is readily incorporated in the network without masking the features of the monitor pulse train. Furthermore, the use of 
a multimode fiber as a loopback fiber is very advantageous because optical coupling of the bypass lines to a multimode 

75 loopback fiber (but not to a single-mode ftoer) is readily achieved through a multimode interface region such as coupler 
95. If monitoring is carried out at the central office, it is advantageous (for reasons of economy) to carry the loopback 
fiber in the same cable as primary fiber 1 0. (Multimode f foers are practical to use even if the PON is upgraded to carry 
high bit-rate information such as HDTV or CATV from the central office to the ONUs. Even in that case, the ONUs will 
transmit back to the central office only relatively low bit-rate information, which the loopback fiber is designed to moni- 

20 tor.) 

It should be noted in this regard that in theory, neglecting coupling losses, a fraction (N - 1)/N of the total power in 
the distal ports of NxN star coupler 60 can be collected by the loopback fiber by using the N - 1 proximal ports that;are 
not connected to the central office. An alternative embodiment, which may be made as either a fused fiber or an SiOB 
component, is shown in FIG. 4. In that embodiment, sixteen proximal ports 400 are coupled to 16 distal ports 410 

25 through four sequential stages of 2 x 2 couplers 420, 430, 440, 450. 

A particular advantage of such an embodiment is that coupling losses can be reduced in high-bandwidth signals, 
which have a relatively low dynamic range. That is, four of the sixteen input fibers, carrying specified information (i.e., 
the f bers 470. denoted "CATV1 - CATV4" in the figure) can be coupled to the output fibers through only two of the four 
coupler stages, thus substantially reducing coupling loss. With respect to the four input fibers 470. the couplers stages 

30 440 and 450 constitute four 1x4 combiners. 

All sixteen input ports of the constituent 2x2 couplers are accessible at the proximal end of the component A sin- 
gle input port 460 connects the central office to all of the output ports. As noted, four input ports 470 connect four CATV 
input signals through two coupler stages to the output fibers. The remaining eleven proximal ports, i.e., ports 480, are 
available for monitoring by interconnection with a loopback fiber. 

35 The time delays in the bypass lines are useful for passively identifying faults in the network. That is, any of the 
ONUs may fail. Such failures are typically manifested by failure to transmit, by continuous (cw) rather than pulsed trans- 
mission, by random pulsing at times not prescribed by the protocol for that ONU, or by random pulsing in the guard 
band. It is conventional to employ active means to identify the ONU which has failed. Such active means typically 
involve complicated ONU transmitters which include a back-face monitor pulse detector and a protocol for communicat- 
ee ing problems back to the central office. It is also typically required to shut down each ONU, in turn, in order to search 
for the fault. By contrast, the inventive network can be monitored for fault detection without interrupting service trans- 
mission. Monitoring is done by monitor 70 (as well as by analogous, additional monitors), which is typically located at 
the central office. The diagnostic signals used for ONU fault identification may be the ordinary transmissions by the 
ONUs and are not dependent on the system electronic protocol. 

45 Each ONU transmission produces a main signal, which is received by the monitor via star coupler 60, and a ghost 
signal, which is received via a bypass line, after a time delay which is associated with a respective one of ONUs 40. (Of 
course a portion of each ONU transmission also goes to the central office via primary fiber 10. That portion represents 
the communication, as opposed to diagnostic, portion of the transmission.) Both the main signal and the ghost signal 
consist of trains of pulses. The ghost pulses appear only on the loopback fiber, and not on the primary fiber. By corre- 

so lating the main and ghost signals, it is usually possible to identify individual ONUs. Accordingly, monitor 70 includes a 
signal correlator which is able to identify ghost signals which arrive at predetermined delays relative to the main signal. 

If the ONUs are operating normally, both the main signal and the ghost signal have high signal-to-noise ratios (S/N). 
The main pulses are strong because multiple (typically, N-1) proximal ports of the star coupler feed into the loopback 
fiber, and thus a relatively large fraction of each ONU output fed into the star coupler is delivered to the loopback fiber. 

55 The ghost pulses are strong because each delayed signal is delivered to the loopback fiber with only coupling losses; 
i.e., because the delayed signal is not subdivided among multiple channels, it is free of distribution losses. The intensity 
of the ghost pulses may. in fact, exceed that of the pulses sent to the central office via fiber 10. In some cases, it may 
be necessary to attenuate the main pulses in order to optimize the detection capabilities of monitor 70. For example, it 
may be desirable to limit the intensity of the main pulses to once or twice the intensity of the ghost pulses. If such atten- 
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uation is desired, appropriate attenuation means are readily incorporated between the bypass lines and the loopback 
fiber, or between the distribution fibers and their corresponding bypass fines. 

Shown in FIGS. 5 and 6 are portions of an exemplary time base of monitor 70. Portions of pulse trains from two 
ONUs, denoted ONU1 and ONU2 are visible, in. respectively. FIG. 5 and FIG. 6. together with corresponding ghost 

5 pulses. Shown in FIG. 7 is the same time base, with the pulse trains from the two ONUs overlapping. Correlations 
between main and ghost signals are readily detectable even in case of such overlapping of pulses. 

In a currently preferred embodiment, depicted in FIG. 8, a single central office serves multiple primary fbers 10a - 
10d. (Multiplicities of four are shown in the figure for illustrative purposes only. The actual numbers to be used in prac- 
tice are not limited by the depictions in the figures.) Bidirectional communication between the primary fibers and the 

10 central office takes place via a secondary fiber 120. Fiber 120 is also a single-mode optical fber. Star coupler 130, 
referred to herein as a "Stage-2 star coupler", is provided to effect the optical coupling between the primary fbers and 
the secondary fiber. Each primary fiber is connected to a respective distal port of star coupler 1 30. and fiber 1 20 is con- 
nected to one of the proximal ports. As shown in the figure, at each of multiple distribution nodes, a primary fiber is opti- 
cally coupled to a multiplicity of distribution fibers (shown as corresponding to ONU multiplicities 40a - 40d, respectively, 

is in the figure) via a Stage- 1 star coupler (shown as 60a - 60d, respectively, in the figure). A multimode, Stage- 1 loopback 
fiber (shown as 1 00a - 1 0Od, respectively, in the figure) is connected to at least one proximal port of each Stage- 1 star 
coupler. Multiplicities of bypass lines (shown as 11 Oa - 11 0d, respectively, in the figure) are provided to couple portions 
of inbound transmissions from at least some of the distribution lines associated with each node into the corresponding 
Stage- 1 loopback fiber. The arrangement of distrbution fbers, Stage- 1 star coupler, primary fiber, bypass lines, and 

20 Stage- 1 loopback fber corresponding to each node is described by FIG. 1 and the related discussion. 

An alternative architecture, shown in FIG. 9. may be used when there is only unidirectional transmission (on a given 
fber) between the central office and the ONUs. In that case, there are separate passive optical networks for inbound 
and outbound communications. All of the optical splitters are preferably fabricated on a single SiOB chip, and corre- 
sponding inbound and outbound fibers are situated in the same cable. The ONU monitoring network is preferably 

25 housed with network components linking outbound communication fbers. The outbound network includes primary fber 
500 coupled to a proximal port of star coupler 51 0, and distribution fbers 520 coupled to distal ports of star coupler 510. 
The inbound network comprises primary fber 530 coupled to a proximal port of star coupler 540, and distrfoution fbers 
550 coupled to distal ports of star coupler 540. in the inbound network, 10-dB couplers 560 couple the distribution fbers 
to corresponding bypass lines, and the proximal ports of star coupler 540 unoccupied by primary fber 530 are coupled 

30 to a multimode loopback fber. 

Referring back to FIG. 8, communication signals in a bidirectional architecture pass to and from the central office 
on secondary fber 1 20. Diagnostic signals, however, are transmitted to the central office on multimode fber 1 40, which 
is here referred to as a "Stage-2 loopback fber." The proximal end of each of the Stage- 1 loopback fbers (i.e., fibers 
100a - 100d of FIG. 8) is optically coupled to fber 140. For example, the proximal ends of four or even more 625/125- 

35 jim multimode fbers are readily fixed in a two-dimensional array within a ferrule, and optically coupled, via a lens, into 
a singlefber having dimensions of, e.g., 62.5/125 jim, 80/125 iim, or 100/125 *im. Alternatively, a 1 x 4 fused-fber cou- 
pler is readily used to combine the outputs of fbers 1 00a - 1 0Od. 

In addition, a portion of the inbound transmissions on each (possbly excluding one, as shown in the figure) of the 
Stage- 1 loopback fbers is diverted into the distal end of a corresponding Stage-2 bypass line 150. Each Stage-2 

40 bypass line is a multimode fber. The proximal ends of bypass lines 150 are optically coupled to fiber 140, e.g., at pant 
160, exemplarily by a 1 x 6 fused fber coupler. 

A known transmission delay is associated with each of the Stage-1 bypass lines, relative to transmissions that 
reach the Stage-1 loopback fber via the corresponding Stage-1 star coupler. Similarly, a known transmission delay is 
associated with each of the Stage-2 bypass lines. As discussed above, such delays are readily adjusted by incorporat- 
es ing, e.g., a fber optic delay line. By contrast, the optical coupling of the Stage-1 loopback fbers into the Stage-2 loop- 
back fber at, e.g. . point 1 60 does not add substantial relative delays between transmissions from the respective Stage- 
1 loopback fbers. 

The respective delays associated with. e.g., Stage-1 bypass lines 110a may be similar to. or even identical with, 
those associated with the other multiplicities of bypass lines. In order to assure that each delayed diagnostic signal 

so reaches the monitor with a delay which is sufficiently unique to distinguish, e.g., fine 100a transmissions from, e.g., line 
1 00b transmissions, the delays in lines 1 50 are added onto the delays in lines 1 1 0a - 1 1 0d. 

Shown in FIG. 10 is an exemplary monitor time base. Pulses from two distinct ONUs, denoted ONU21 (from multi- 
plicity 40b of FIG. 8) and ONU31 (from multiplicity 40c) are shown. Pulses 1 70 are the main pulses. The same delay is 
introduced by each of the respective Stage-1 bypass lines, and thus at that stage, the same delay D1 1 is produced 

55 between each main pulse 170 and ghost pulse 180. However, distinct delays are produced by Stage-2 bypass lines 
150. Thus, the inbound transmission from line 100b is delayed by an additional amount d1 , producing, at the monitor, a 
singly delayed ghost pulse 190 and a doubly delayed ghost pulse 200. Similarly, the inbound transmission from line 
1 00c is delayed by d2, producing singly delayed ghost pulse 1 90' and doubly delayed ghost pulse 200'. At least the dou- 
bly delayed pulses 200 and 200' are readily distinguished by unique delay times D1 1 + d1 , and D1 1 + d2, respectively. 
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The above-described embodiments are useful for identifying faulty ONUs in an optica! communication network. 
However, faults may also occur in the optical fibers of the network. For example, fibers may break and losses may 
change due to environmental conditions 

One method for locating such faults is the use of optical time-domain reflectometry (OTDR). This method takes 

5 advantage of Rayleigh scattering in the optical network Rayleigh scattering is an intrinsic loss effect that isotropically 
scatters a fraction of forward-propagating light over 4n steradians. In particular, some of the light is backscattered. In 
OTDR, a portion of the backscattered light, which is collected in the core of the fiber, produces inbound transmissions 
which are received at the central office and monitored over time. Because backscatter occurs more or less uniformly 
throughout the fibers of the network, each feature in the outbound transmission gives rise to a continuous smear of ech- 

10 . oes. distributed at a continuous range of delays, each delay corresponding to an optical path length between the central 
office and the point where that echo originated. If a fiber is broken, then echoes which would originate at points distal 
the break are either substantially attenuated or nonexistent A corresponding edge-like feature appears on the OTDR 
monitor time base, as shown, e.g., in FIG. 11. 

With reference to FIGS. 1 2 and 13, the OTDR monitor 220 is a single-port test instrument, comprising a transmitter 

is 222 and a receiver 224, which is coupled into the optical network through a coarse wavelength-division multiplexer 
(WDM) 226 located at the central office. Backscattered light, returning from the test fiber, is diverted to the OTDR mon- 
itor through a beamsplitter or fused ftoer coupler located on the OTDR I/O port. It is desirable to use the same OTDR 
monitoring equipment for each separate network emanating from the central office. Depicted in FIG. 13 is a 1 x m elec- 
tromechanical switch that may be used to switch the OTDR I/O port to any one of the coarse WDMs which provide input 

20 to the m respective networks. 

The optica) path length from the central office to the break is readily deduced from the delay that corresponds to 
this feature. Such a method is useful not only for locating ftoer faults, but also for detecting loss changes in f ibersr-and 
monitoring losses at splices and connectors. 

However, when multiple fibers fan out from a distribution node in the network, it is impossible, without further refine- 
rs ments, to identify which of the multiple distribution fibers has a break distal the node. Such a refinement is provided by 
our invention, in an alternate embodiment to be described below. 

With further reference to FIGS. 12 and 13, the invention in one embodiment includes a primary fiber 10, a multiplic- 
ity of distribution fibers 50, and a Stage-1 star coupler 60, all interconnected substantially as described above. Also 
included is a multiplicity of bypass lines 210, each optically coupled at its distal end to one of the distribution fibers, and 

30 optically coupled at its proximal end to the primary fiber. From the central office, communication signals are transmitted 
along fiber 10 at the signal frequency, and from a variable-wavelength OTDR transmitter 222 (typically also located at 
the central office), diagnostic signals are transmitted along the same fiber at a multiplicity of monitor wavelengths, all of 
which are different from the signal wavelength. 

The optical coupling between lines 10. 210, and 50 is arranged such that outbound transmissions at the signal 

35 wavelength pass into star coupler 60, but outbound monitor-wavelength transmissions do not Instead, a spectrally dis- 
criminating component 230 diverts the monitor-wavelength transmissions into bypass lines 210. Th6 monitor-wave- 
length transmissions are further subdivided such that a unique monitor wavelength, or wavelength range, is assigned 
to each of the bypass lines and corresponding distribution fibers. Such subdivision is exemplarily achieved by a second 
spectrally discriminating component 240. Each of components 230 and 240 is, exemplarily, a wavelength-division mul- 

40 tiplexer (WDM). Relatively coarse wavelength resolution would suffice for component 230, since the spacing between 
the signal wavelength and the central monitor wavelength can be made substantially larger than the spacing between 
respective monitor wavelengths. Higher resolution is then required of component 240, in order to resolve the individual 
monitor wavelengths. The distal end of each bypass line is optically coupled to the corresponding distribution fiber via 
another spectrally discriminating component 250, which is exemplarily yet another WDM. Components 250 admit 

45 inbound transmissions at the monitor wavelengths to the bypass lines, but prevent such transmissions from entering 
star coupler 60. 

The arrangement described above permits each distribution fiber to be identified by a unique wavelength or wave- 
length range, while mitigating round-trip losses in the monitor transmissions by routing such transmissions around star 
coupler 60. The OTDR transmitter includes, e.g., one or more tunable lasers, or, alternatively, a series of discrete, nar- 

50 row-line lasers coupled to fiber 1 0 via WDM 226. 

In an alternate embodiment, depicted in FIG. 14, components 250 are not spectrally discriminating, but are, exem- 
plarily, 5-dB couplers. In order to maximize the inbound monitor transmission, that transmission is collected from at 
least some, and preferably all, of the proximal ports of star coupler 60 (exclusive of the port connected to fiber 1 0). Opti- 
cally coupled to those ports is the distal end of multimode loopback fiber 270. Optical coupling is provided by, e.g., sin- 

55 gle-mode ribbon cable 280. which is connected to the star coupler, and by single-to-multiple mode coupler 290, which 
optically couples the transmissions from the multiple fibers of the ribbon cable into multimode fiber 270. Fiber 270 car- 
ries the inbound monitor transmissions to the monitor via an optical filter 300, which removes the signal wavelength 
from the transmissions. 

In a preferred embodiment, there are multiple primary fibers, depicted in FIG. 15 as ffoers 10a - 10d. (Four such 
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fibers are shown in the figure for illustrative purposes. The actual number of primary fibers is not limited by the figure, 
and. in foot, will more typically be sixteen.) The optical arrangement of FIG. 1 2, including distribution fibers 50. couplers 
250. bypass lines 210, star coupler 60, and couplers 230 and 240 is repeated once for each of the multiple primary fib- 
ers. The proximal end of each primary fiber is optically coupled to the distal end of star coupler 310. Single-mode fiber 
320. here referred to as a "secondary f foer" is provided for bidirectional transmission of communication signals at the 
signal wavelength, and for at least outbound transmission of diagnostic signals at multiple monitor wavelengths. Sec- 
ondary fiber 320 is optically coupled to one of the proximal ports of star coupler 310. (Star coupler 310 is here referred 
to as a "Stage-2 star coupler.") Multimode fiber 330, here referred to as a "Stage-2 loopback fiber," is provided to carry 
inbound monitor wavelength transmissions to the monitor. Fiber 330 is optically coupled to at least one, and preferably 
all, of the proximal ports of star coupler 310, exclusive of the port coupled to fiber 320. 

In the arrangement of FIG. 15, the same multiplicity of monitor wavelengths (denoted in the figure by X 11t .... X 1n in 
for each multiplicity 50 of n distribution fibers) is at least partially repeated for each multiplicity 50 of distribution fibers. 
Thus, for example, monitor wavelength X 1 1 will be distributed into one distribution fiber from primary fiber 1 0a. and also 
into a corresponding distribution fiber from primary ffcer 10b. etc. As a consequence of the redundant use of monitor 
wavelengths, further means are required to distinguish each distribution fiber from its counterparts that are associated 
with the same monitor wavelength. Such means are provided by the transmission delays associated with the different 
lengths of the respective distribution fbers. 

That is, the transmission delay between each distribution fiber which carries a given monitor wavelength and the 
monitor is readily determinable, and is. or is readily made, sufficiently unique to be used for identifying the distribution 
fiber. In order to impose readily distinguishable delays, it is straightforward to add fiber optic delay lines to, e.g., any of 
bypass lines 210. The width AT of OTDR-transmitied pulses is equivalent to the minimum round-trip propagation time 
and propagation length AL (For example, a AT of 100 ns typically corresponds to a AL of about 10 meters.) Thus, the 
OTDR can be adapted to resolve loss changes within length increments of 10 meters or more by making AT equal to 
1 00 ns or a proportionally greater value. 

The alternate embodiment of FIG. 16, like the embodiment of FIG. 15, includes repeated optical arrangements of 
the land depicted in FIG. 12. However, loopback fiber 330 is omitted and, instead, the inbound monitor-wavelength 
transmissions are sent to the central office on single-mode, secondary fiber 320. As in the preceding embodiment sig- 
nal-wavelength transmissions are coupled via star coupler 310 between the primary and secondary fbers. However, 
unlike the preceding example, the monitor-wavelength transmissions are routed around the star coupler via a multiplic- 
ity of bypass lines, one for each primary fiber. (In the figure, the bypass lines are denoted 340a - 340d. Four bypass 
lines are depicted for illustrative purposes only; the depiction in the figure is not intended to limit the number that may 
be used. More typically, there will be sixteen primary fibers and sixteen bypass Ones.) Bypass lines 340a - 340d are 
here referred to as "Stage-2 bypass lines." 

The optical coupling between bypass lines 340a - 340d and the primary and secondary fibers is similar to the opti- 
cal coupling described by FIG. 12 and the related discussion. That is. the distal end of each bypass line is optically cou- 
pled to the associated primary fiber via a spectrally discriminating component 350. exemplarily a WDM, which admits 
inbound signal-wavelength transmissions to star coupler 310. but routes inbound monitor-wavelength transmissions 
into the bypass line. Spectrally discriminating components 360 and 370 are provided to admit outbound signal-wave- 
length transmissions to star coupler 310, but to route outbound monitor-wavelength transmissions through the bypass 
lines. Component 360 is further provided in order to subdivide the monitor-wavelength transmissions and distribute 
them into selected primary fbers according to wavelength. Each of components 360 and 370 is, exemplarily. a wave- 
length-division multiplexer (WDM). Relatively coarse wavelength resolution suffices for component 370, and higher res- 
olution is generally required of component 360. 

According to the embodiment of FIG. 16, a set of distinct monitor wavelengths is associated with each of the pri- 
mary fibers and the corresponding distribution fibers. Wavelength sets corresponding to different primary fibers are dis- 
joint; that is, no two primary fibers have any associated monitor wavelengths in common. Each wavelength set consists 
of at least one wavelength, but will more typically consist of four wavelengths. That is, each primary f ber will typically 
be associated with sixteen distribution fbers. The distribution fibers will typically be divided into four groupings of four 
fbers each. A unique monitor wavelength will be associated with each such grouping. Thus, all four fbers within a 
grouping will share the same monitor wavelength. 

Because all four fbers within a grouping will typically share the same monitor wavelength, additional means must 
be provided for distinguishing the fbers within a grouping. Transmission delays provide a ready solution to the problem 
If inherent differences in transmission time are not sufficient, fiber optic delay lines, for example, are readily added to 
any of the Stage-1 bypass lines in order to provide adequately distinguishable delays. 

Referring back to FIG. 9, an OTDR monitoring network is readily made in which the optical fbers are used for uni- 
directional transmission only, and must therefore occur in pairs of PONS for purposes of bidirectional transmission. 
Moreover, such a network is readily integrated with an ONU-monitoring network and the passive components of such 
an integrated network are readily fabricated on, e.g.. a SiOB chip. 

With further reference to FIG. 9. transmissions at the signal wavelength X B outbound from the central office are 
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transmitted from primary fiber 500 through star coupler 510. Inbound transmissions from the ONUs at X 8 are transmit- 
ted from star coupler 540 to primary fiber 530. Transmissions at monitor wavelengths (indicated by dashed arrows 
in the figure) propagate bidirectionally in each PON. OTDR transmission is toward the ONUs, and backscattered signals 
from the fiber media return toward the central office. In an exemplary diagnostic procedure, OTDR transmissions are 
5 made one monitor wavelength at a time, and an electromechanical switch is used to select the PON that is to be mon- 
itored. 

According to the network of FIG. 9, coarse WDMs 600 and 650 respectively divert outbound monitor-wavelength 
transmissions from primary fibers 500 and 530 into WDMs 61 0 and 630. WDMs 61 0 and 630 respectively distribute the 
transmissions, according to their respective monitor wavelengths, into distribution fibers 520 via coarse WDMs 620, and 

10 into distribution fibers 550 via coarse WDMs 640. Conversely, inbound WDM transmissions that have been backscat- 
tered from the distribution fibers are coupled from inbound distribution fibers 550 into WDM 630 via coarse WDMs 640, 
and from outbound distribution fibers 520 into WDM 610 via coarse WDMs 620. The respective single-wavelength 
OTDR transmissions are combined by WDM 630 and coupled into inbound primary fiber 530 via coarse WDM 650. and 
combined by WDM 610 and coupled into outbound primary fiber 500 via coarse WDM 600. 

75 As noted, the output of monitor detector 70 can be used to identify problems at the ONU transmitters, and even to 
identify individual ONUs that are malfunctioning. Possible malfunctions include anomalously low transmission power, 
intermittent transmission at the wrong time (sometimes referred to as "random" transmission), and continuous (i.e., cw) 
transmission. 

Monitoring of the ONU laser power at the central office involves two operations, namely, detection of low power in 
20 received signals, and tracking of such low power. Depicted in FIG. 17 is an exemplary circuit for low power detection. 
To detect low signal power, the output of the monitor detector is exemplarily fed to peak detector 900, and the peak 
detector output is compared to an appropriately selected threshold voltage level at, e.g. , comparator 901 . If the thresh- 
old is never exceeded during the time slot assigned to a given ONU, then a low-power alarm is activated; i.e., the state 
of an alarm line goes "high." In the figure, V 0 denotes the low-power threshold voltage. Because the time slot of each 
25 ONU is known, a priori, at the central office, it is not necessary to resort to the delay lines in order to identify a given 
ONU, at this stage of the diagnostic operations. However, the delayed signals must be considered in setting V 0 , since 
the signals received at the central office will generally include ghost pulses which are addrtively superimposed upon sig- 
nal pulses. 

The probability of false alarm and the probability of "miss" (i.e.. failure to detect a low power transmitter), when a 
30 single time slot is monitored, are readily estimated. Assume, for example, that there are 400 bits in a time slot, and 
transmitted "1"s and "0"s are equally probable. Then approximately one-fourth of the bit durations within the time slot, 
e.g., about 100 bit durations, will contain both signal and ghosted "1 "s. The corresponding probability of false alarm is 
approximately given by 



where a is the ratio of the amplitude of the ghosted pulses to the signal pulses, S is the signal level, and S/N is the sig- 
nal-to-noise ratio. For example, if S/N = 8 dB, a ■ 0.5, and P fa = 10' 10 , the threshold level should be set at 
40 Vq « 1 .08VS (1 +<x). The probability of missing a low power level that falls A below the required level is approximately 



45 Thus, for the preceding example, the probability of missing a level 1 dB below the required level is approximately 10~ 2 . 
Of course, this will decrease with repeated time slots. That is, after m time slots, the probability will decrease to P Etss . 

By tracking the received power levels, it is possible to determine the point in time when a given ONU transmitter 
begins to fail. In addition, since the received signal power levels from different ONUs can vary widely due to variations 
in transmission power and attenuation in fibers of varying lengths, the received power levels can also help to identify 

so the ONUs that transmit at the wrong tune. Signal power levels are readily tracked using, e.g., the peak detector of FIG. 
17, followed by an analog-to-digital converter. The signal level for each ONU is stored in a digital memory for later ref- 
erence. 

Random and cw transmissions are readily detected using a peak-detector circuit such as the circuit of FIG. 1 7. Dur- 
ing each time slot, the threshold should be set slightly higher than the signal (plus ghost and noise) level for the correct 
55 signal corresponding to that time slot, and in the guard band, the threshold should be set slightly higher than the noise 
level. The alarm line will be activated by the occurrence of a transmission at the wrong time, since the additive super- 
position of such a transmission will result in a peak which exceeds the threshold. 
The probability of false alarm for each bit is 



35 



P fe = [1-0.5erfC*2(V 0 -1)(1+a)VSM)] 



100 



0) 



p miss = 100 [0.5erfc(2(V 0 -1-A)(1+a)V5^] . 
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Pfe-erfc^TsTFQ. (3) 

where S/N min is the signal-to-noise ratio for the minimum-power received signal. andV 1 .CKV^I , is the threshold volt- 
5 age normalized to S/N min in the guard band. During the relevant time slot. V 1 is augmented by (l+a).VS7N times the 
correct signal level. The probability of miss is then 



10 

There are several ways to identify the randomly transmitting ONI), ff the transmitted signal levels are all distinguish- 
able, the output of the peak detector over a time slot or guard band can be used to identify the ONU. Even H the ONU 
levels are not ail distinguishable, the peak level can still be useful in limiting the possble faulty ONUs. Electrical signal 
processing techniques, described below, can then be used to identify the faulty ONU from its ghosted signal. 

75 That is, the output of the monitor detector is readily divided into a pair of channels, and one channel is delayed, by 
a variable amount, relative to the other channel. The delayed and undeiayed channels are correlated. Normally, in each 
time slot, the delay which gives the maximum correlation is the delay which has been established between the ONU 
signal assigned to that time slot and the corresponding ghosted signal. However, in case of a malfunction, a large cor- 
relation will also occur at a different delay (corresponding to the faulty ONU). 

20 FIG. 18 shows an exemplary circuit for practicing this technique. In line 902, the monitor output signal is processed 
by threshold detector 903 to determine the received bits. The threshold may be set at slightly below the "1 " level. The 
bit stream in line 902 is then delayed in each of N successive shift registers 904. As a result, the bit stream at the nth 
node 905 is delayed by D„ seconds, where, e.g., D n = ncf,n = 1,..., N, and d is the delay per shift register. The monitor 
output signal is also fed into line 906, which has an optional, fixed delay 907. The signal in line 906 is correlated with 

25 the signal in line 902 by using switches 908. In each switch, the signal from line 902, at a particular delay, is used to 
gate the signal from line 906 into a low-pass fflter 909. The time constant of each of fitters 909 is typically selected such 
that the output of the fitter represents an effective correlation integral evaluated over about one time slot, La, over 400 
- 800 bit periods. At typical bit rates, the time constant is less than about 1 ms. The correlation levels, represented by 
the respective fitter outputs, are compared in comparator 910 in order to determine the delay at which the maximum 

30 correlation occurs, excluding the delay corresponding to the correct ONU and any ONUs eliminated by power monitor- 
ing (i.e., only delays for the possible faulty ONUs are considered). 

We expect that the above-described method will be very reliable, i.e., P fe and P miss will be negligible, when corre- 
lations are taken over 100 or more bits. However, although it is unlikely, high correlations in the data produced by prop- 
erly functioning ONUs may interfere with the fault detection, and unacceptably degrade the reliability. In such cases, 

& more complex signal processing techniques, not based on correlations, can be used. One such technique is described 
below, in connection with the diagnosis of cw-mode failures. 

As noted, one failure mode results in cw ONU transmission. Correlation techniques are not useful for diagnosing 
such failures, because the cw-mode failure of, e.g., the rth ONU will result D y seconds later, in a constant-amplitude 
signal in the monitor output representing the sum of the cw signal and its ghost However, if the power level of the faulty 

40 ONU is distinguishable from that of the correct ONU (in the time slot where the faulty ONU commences cw transmis- 
sion) we can identify the faulty ONU with the use of a peak detector, as described above in connection with power mon- 
itoring. Even if the ONU levels are not all distinguishable, the peak level can still be useful in limiting the possibly faulty 
ONUs. 

ff power monitoring fails to identify the faulty ONU, it is necessary to identify the beginning of the cw transmission 
45 and the beginning of the cw ghost without the use of correlation techniques. As noted, the monitor detector output in 
each time slot is normally an additive sum of main signal pulses and ghost signal pulses. The expected ghost signal is 
the main signal, delayed by the delay associated with that time slot, and appropriately attenuated. Normally, if the 
expected ghost signal is subtracted from the bit stream, only signal levels of approximately "0" and "1 " will remain. How- 
ever, if a cw transmission is present anomalous signal levels will be observed. Specifically, if the faulty ONU has a dif- 
50 ferent received power than the correct ONU, the level of the first anomalous signal level in the received signal will limit 
the possible faulty ONUs. The faulty ONU can then be identified by the delay for which the next anomalous signal level 
occurs (different from the first), caused by the ghosted signal. This technique can easily identify the faulty ONU except 
for the case where the faulty ONU has approximately the same received signal level as the correct ONU. In this 
instance, a single anomalous signal level will be observed for a short time, and the faulty ONU can be identified as 
55 described below. 

Two cases will now be separately illustrated. In Case 1 , illustrated in FIG. 19, the ghost signal 91 1 from the faulty 
ONU (referred to, illustratively, as the /th ONU) has a delay which is smaller than the delay associated with the time slot 
being observed (which is assigned, illustratively, to the /th ONU). Consequently, a portion of signal 91 1 is added to main 
signal 912 before the subtraction of expected ghost signal 913 begins. In Case 2, illustrated in FIG. 20, the /th delay is 



10 



EP 0 786 878 A2 1W 

greater than the /th delay, and as a result, the subtraction of signal 913 commences before the addition of signal 91 1 . 

In the first case, for a duration of Dy - D„ the ghost of the cw signal will be present in the total, post-processing signal 
91 4. In the second case, for a duration of D,- - D y , a deficit appears in the portion of signal 91 4 attributable to the cw main 
signal before the onset of the cw ghost (ft should be noted, with reference to FIGS. 1 9 and 20, that data from the correct 

5 ON U can add the "1" level to the signal levels shown.) 

Thus, rf a = 0.5, the duration of the signal level at 0.5, 1.5, or 2.5 times the "1" level determines the faulty ONU, or 
at worst, limits it to one of two possibilities, ff this ambiguity is a problem, a different value of a (e.g., 0.75) can be used 
to distinguish the two cases. That is, since the anomalous levels are 1 + a and 2 + a (with a "1 " for the data of the correct 
ONU) for Case 1 , and 1 - a and 2 - a for Case 2, the signal levels for the two cases are distinguishable If 1 + a * 2 - a; 

10 e.g. f if a = 0.75. 

Figure 21 shows circuitry to implement the technique. In the figure, Vt is the signal level for a "1 ", and A is set to 
give a low false alarm rate P fa for a given S/N m!n . Because the correct Identification of the faulty ONU requires correct 
level decisions, is approximately the same as expressed in Equation (4). Thus, a cw-transmitting ONU is more 
difficult to identify than a randomly pulsing ONU. As shown in the figure, the output of monitor detector 915 is fed to 

is adder 916, where the adder output, delayed by Dj in shift register 917 and attenuated by a. is subtracted. The adder 
output is fed, in parallel, into comparators 91 8A - 91 8E. The comparator outputs are coupled to the inputs of AND gates 
91 9A and 91 9B and OR gate 920 such that the output of the OR gate will go high if the adder output is above twice the 
"1 " range, between the "1 " range and twice the "1 " range, or between the "0" and the "1 " ranges. Counter 921 . clocked 
at the data rate, determines the duration of the anomalous signal level, which is | Dj - Dj |. 

20 The techniques described above are readily extended to treat more complicated diagnostic problems. For example, 
the correlation technique of FIG. 18. discussed above as a method for identifying a single, randomly pulsing ONU, is 
also readily used to identify multiple randomly pulsing ONUs. Each faulty ONU will contribute a large correlation.at a 
specif ic delay time. Moreover, the peak detector of FIG. 1 7 will generally indicate the presence of more than one faulty 
ONU. 

25 The technique of FIG. 21 can be used to identify multiple faulty ONUs with cw transmission, although there is a pos- 
sibility that such identification will be inaccurate unless the faulty ONUs have distinguishable power levels. However, to 
confuse the cw-mode failure identification, two ONUs would have to commence cw transmission within a few bit periods 
of each other, i.e., within an interval which is typically less than one microsecond for a 16-ONU system. Such a coinci- 
dence is very improbable. 

30 A peak detector can be used to monitor received signal power even when the passive optical network includes con- 
catenated splitters, as depicted, e.g., in FIG. 10. In such a network, it will generally be possible to identify faulty ONUs,' 
or at least to limit the number of suspect ONUs, based on their received power levels. The correlation techniques of FIG. 
18 are readily used to identify randomly pulsing ONUs in a concatenated network. In such a case, however, each ONU 
will have not one. but three correlation peaks, corresponding to the delay in each of two splitters. If, for example, a = .5, 

35 the third correlation peak will be about one-half the magnitude of the first. 

The technique of FIG. 21 can be extended in order to detect cw-transmitting ONUs in a concatenated network. 
However, the processing steps and the circuitry will be more complex than those illustrated in the figure. 

In one scenario contemplated by planners of optical communication systems, a PON is initially used for narrow- 
band (e.g.. for telephonic) communication, and is later upgraded for broadband (e.g., CATV or HDTV) transmission, as 

40 well. As noted, an outbound signal in a passive star network is typically distributed to a group of ONUs by way of a 1 x 
16 splitter, or the equivalent. The distribution losses which are incurred in the splitter are generally tolerable for pur- 
poses of narrow-band transmission, because the ONU receivers are relatively sensitive. However, broadband receivers 
are generally less sensitive, and in at least some cases, may not tolerate the distribution losses. 

In one aspect, the invention provides a solution to this problem, and offers a convenient strategy for upgrading a 

45 PON so that it can deliver broadband analog or digital services between the CO and a group of ONUs, while also retain- 
ing a capacity for performance monitoring of the distribution f toers. 

A PON having such an upgrade capability is readily made using bidirectional fibers. Alternatively, a pair of PONs 
having similar capability and consisting of an inbound and an outbound PON, is also readily made using unidirectional 
fibers. As noted below, it is advantageous to use a pair of unidirectional PONs in order to obviate the losses associated 

so with the directional couplers (e.g., 3 dB couplers) which would otherwise be needed at the input and output ends of the 
network to separate the transmitted from the received signals. However, for the sate of brevity, the following discussion 
will be directed primarily to an exemplary, bidirectional PON. 

FIG. 1 2 and the associated discussion relate to a diagnostic scheme in which OTDR inbound and outbound signals 
are carried by primary fiber 1 0 and distribution fibers 50, but are shunted around star coupler 60. (More generally, com- 

ss ponent 60 may be any appropriate 1 x N splitter.) The OTDR transmissions occur at monitor wavelengths which are dis- 
tinct from the signal wavelength. Component 230, exemplarily a coarse WDM, splits off outbound, and recombines 
inbound, monitor transmissions. Component 240, exemplarily a dense WDM, separates outbound, and recombines 
inbound, monitor transmissions according to respective monitor wavelengths. Each of components 250. which are 
exemplarily coarse WDMs, recombines outbound, and splits off inbound, monitor transmissions, relative to a respective 
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one of the distrfcution fibers. 

It should be noted that in this regard, a "coarse WDM" is a component for separating optica) transmissions into two 
relatively wide wavelength channels. For example, one channel might transmit wavelengths less than 1 570 nm, and the 
other channel might transmit wavelengths greater than 1 570 nm. Alternatively, one channel might transmit wavelengths 

5 in an intermediate range, such as 1430 - 1460 nm, and the other channel might transmit telecommunication wave- 
lengths both above and below the intermediate range, such as wavelengths near 1300 nm and wavelengths in the 
range 1 500 - 1 600 nm. By contrast a "dense WDM" separates transmissions into N relatively narrow wavelength chan- 
nels, N an integer equal to 2 or more, and typically equal to 16. Thus, an exemplary 16-channel dense WDM might have 
individual channel widths of 0.5 - 4 nm. 

io An arrangement analogous to that of FIG. 12 is readily employed for adding a broadband capability to the PON. In 
such an arrangement, shown in FIG. 22, wavelength-division multiplexing can be used to transmit specified signal chan- 
nels to specific ONUs, in order, for example, to deliver requested video transmissions to subscribers. Such channels 
are sometimes referred to as Video on demand" channels, and the corresponding transmission service is sometimes 
referred to as a "switched video" service, in order to distinguish such channels and such service from the situation 

75 where the same broadband signal is irtiiscriminately transmitted to many ONUs. The latter type of service is sometimes 
referred to as a "broadcast video" service. 

With reference to FIG. 22, instead of (or in addition to) "monitor-wavelength" transmissions, "broadband-wave- 
length" transmissions are shunted around star coupler 60 by the coarse and dense WDMs and associated bypass lines. 
Exemplarily, each of coarse WDMs 230 and 250 provides two channels: Ch. 1, having a passband of 1280-1320 nm, 

20 which is transmitted through splitter 60; and Ch 2., having a passband of 1430 - 1460 nm, or 1570 - 1600 nm, which is 
diverted around the splitter. (The stated wavelength bands are purely illustrative and are not intended to limit the scope 
of the invention.) Dense WDM 240 exemplarily provides 16 channels, Ch. 1 - Ch. 16, with an interchannel spacing <U 
of 2 nm, and a combined passband ranging from about 1430 nm to about 1460 nm + 16AX. For outbound, broadband 
transmission, one or more lasers at the central office (CO) are tuned (or tunable) to transmit at one or more of the 

25 broadband wavelengths assigned to respective ONUs. For inbound, broadband transmissions, a laser at each ONU is 
tuned to transmit at the broadband wavelength assigned to that ONU At the central office, broadband transmissions 
are coupled into and out of primary fiber 1 0 by way of dense WDM 655 and coarse WDM 660. For purposes of bidirec- 
tional transmission, 3-dB directional couplers 665 and 670 are provided, respectively, at the central office and ONU ter- 
mination points. 

30 As discussed above in connection with FIG. 9, a silicon optical bench platform which includes a star coupler and 
the WDM bypass feature described here is readily made. As discussed, provision for ONU monitoring based on relative 
time delays in received signals is also readily included. Such a platform is readily packaged within, e.g., the standard 
splice enclosure of FIG. 23. Such an enclosure typically measures 36 cm long x 8 cm high x 20 cm deep. As shown in 
FIG. 23, such an enclosure includes a splice tray 675, which supports portions of outbound primary fibers 760, inbound 

35 primary fibers 780. outbound distribution ffoers 792, inbound distribution ffoers 794, bypass lines 90, and multimode 
loopback fiber 100. Also supported are splices (not shown) between those fibers and respective inbound and outbound 
silicon optical bench platforms 680 and 685. The bypass lines and loopback fiber extend into housing 690, which con- 
tains fiber optic delay lines 1 10 (see FIG. 1). 

According to an illustrative scenario, telecommunication service is initially confined to narrow-band service (e.g., at 

40 a data rate of 64 kBs) in, e.g., the 1280-1340 nm region. In such an initial phase, the WDM bypass is used only for 
OTDR monrtoring in order to diagnose media loss in service. Such use is particularly important during the initial deploy- 
ment phase to ensure the health of the network portions lying distal splitter 60. For example, high resolution OTDR 
traces, similar to the illustrative traces of FIG. 24. may be used to isolate faults and other sources of loss. For illustrative 
purposes, FIG. 24 shows typical signatures of distribution loss in a 1 x 16 splitter (24.1), loss at a splice to the splitter 

45 enclosure (24.2), losses at interconnection points in the field (24.3), macrobend losses along the cable, such as might 
be cause by icing in a conduit (24.4), and loss at the ONU termination (24.5). 

According to the illustrative scenario, broadband services are provided in a later phase. Because the WDM bypass 
is already in place, the upgrade is made without interrupting existing services, and the new channels are introduced 
without any need to physically enter the splitter housing. By traversing the WDM bypass instead of the (e.g.) 1 x 1 6 spl rt- 

50 ter, the broadband transmissions avoid, typically, about 16 dB of distribution and other splitter losses. 

After broadband services are introduced, the use of the WDM bypass for OTDR monitoring of media losses is con- 
fined to out-of -service periods. It may even be possible to adapt wavelength-dependent communication lasers at the 
CO as transmission sources for OTDR monitoring during such out-of-service periods. 

Shown in FIG. 25 is a modification of the network of FIG. 22, in which each of the distribution fibers, distal WDMs 

55 250, terminates not in an ONU, but in a four-way distribution network Narrowband transmissions are distributed into 
sub-distribution fibers 700 by 1 x 4 splitter 710, which is implemented by using, ag.. a 4 x 4 star coupler. Coarse WDM 
720 shunts outbound, broadband transmissions around the splitter, and (in a bidirectional network) recombines 
inbound, broadband transmissions into the distribution fiber. A terminal enclosure containing such a distribution net- 
work is readily installed at, e.g.. a curbside location, from which sub-distribution ffoers can be extended to, e.g., one or 
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more residential buildings. According to such a modification, each channel of each of WDMs 250 is segmented into four 
subchannels. This is readily achieved if, for example, each of WDMs 250 has a channel width of 2 nm, segmented by a 
respective one of curbside dense WDMs 740 into four channels, each of width 0.5 nm. Alternatively, each of WDMs 250 
may have a channel width of 4 nm, segmented into four 1-nm channels. Each of coarse WDMs 730 recombines out- 

5 bound, subchannel transmissions into the corresponding sUb-distribution fiber, and (in a bidirectional network) diverts 
inbound, subchannel transmissions into WDM 740. 

Shown in FIG. 26 is a pair of unidirectional PONs adapted to provide broadband service. At the central office, WDM 
750 for combining outbound signals onto primary fiber 760, and second WDM 770 for separating inbound signals from 
primary fiber 780, are provided. OTDR receiver 800, which is switched between the inbound and outbound PONs, is 

10 also advantageously provided for diagnosing the respective PONs. Primary fibers 760 and 780 are conveniently 
housed together in a single feeder cable 81 0. Skilled practitioners will recognize that the unidirectional networks of FIG. 
26 are readily extended to include the curbside, sub-distribution networks of FIG. 25. 

In addition to providing switched video, the networks of FIGS. 22, 25, and 26 can be used to provide broadcast 
video (or other broadband) service. In such use, the broadcast video transmissions are distributed through bidirectional 

is splitter 60 or outbound splitter 510 (as well as curbside splitters 710 if they are used) to all ONUs served by the PON. 
If the broadcast service cannot tolerate 1/N splitter losses, an erbium-doped fiber amplifier may be used to compensate 
for splitter losses. With the benefit of such amplification, it will be feasible for a single primary fiber to simultaneously 
serve as many as 16, or even more, ONUs. 

A PON adapted to carry narrowband, switched broadband, and broadcast broadband transmissions is depicted in 

so FIG. 27. Coarse WDMs 820 and 830 separate the broadband signals from the narrowband signals. As discussed 
above, coarse WDM 830 shunts switched broadband signals around splitter 60. Such signals are exemplarily at wave- 
lengths of 1430 - 1460 nm, or, alternatively, wavelengths greater than 1570 nm. Coarse WDM 820 diverts narrowband 
signals out of the primary fiber at a point proximal WDM 830 Such signals are exemplarily at a wavelength of 1300 nm. 
The narrowband signals are fed into an input port of splitter 60. (As depicted in FIG. 27, such port is the bottom port) 

25 The broadcast broadband signals, which lie in the exemplary wavelength range 1 530 - 1 560 nm, are fed into a different 
input port of splitter 60. (As depicted in the figure, such port is the top port) At a location proximal the relevant input 
port, the broadcast broadband signals pass through fiber amplif ier 840. Fiber amplifier 840 is remotely pumped by 1480 
nm light transmitted from the central office. 

In an alternative configuration, the fiber amplifier is installed in the central office, and outbound, broadcast broad- 

30 band signals are already amplified by amplifier 840 when they are injected into the primary fiber. In such a configuration, 
the narrowband and the broadcast broadband signals can travel the same path to splitter 60 and can enter the splitter 
through the same input port. 

An optical isolator is desirably used in conjunction with the fiber amplifier. Such an isolator would limit transmission 
to the outbound direction. As depicted in simplified fashion in FIG. 28, an outbound, unidirectional PON 850 would carry 

35 outbound transmissions, and a second, unidirectional PON 860 would provide transmission in the inbound direction. 
As noted, switched video services, exemplarily at wavelengths greater than 1570 nm, are shunted around splitter 
60. The same wavelengths can also be used to provide an out-of-service monitoring function. In order to provide in- 
service monitoring, an additional WDM bypass is readily provided around splitter 60 for designated monitor channels 
lying, e.g., in the wavelength range 1430-1460 nm. Such a bypass is shown in FIG. 29. 

40 In the WDM bypass of FIG. 29, coarse WDM 870 shunts the monitor-wavelength transmissions around splitter 60, 
and into dense WDM 880. From WDM 880, each monitor channel is fed into a corresponding distribution fiber by one 
of coarse WDMs 890. 

The configurations of FIGS. 22 and 25 - 29 offer the advantage that service upgrades are readily effected by adding 
new services at new wavelengths, without any need to interrupt existing services or to physically alter already-installed 
45 (feeder fiber) PON splitters. 

Example 

FIG. 9 shows the architecture for a single SiOB platform capable of supporting a PON in which a unidirectional, out- 
so bound, primary fiber 500 and a unidirectional, inbound, primary fiber 530 serve sixteen ONUs. (A simpler analog of this 
architecture, using bidirectional fibers, is readily apparent) Except for the delay lines, all passive components needed 
for signal distribution, ONU monitoring, and OTDR monitoring are integrated on a single silicon wafer, typically 12 cm 
in diameter. Such a chip is typically housed within an enclosure situated in the field, e.g., at a curbside location. Delay 
lines are typically formed as lengths of optical fiber which are coupled to access points on the chip, because spatial con- 
55 straints militate against integrating them as waveguides on the chip. 

Designs of SiOB passive devices, useful in this context, have been published. For example, a 19 x 19 star coupler 
has been reported in C. Dragone, et at, "Efficient Multichannel Integrated Optics Star Coupler on Silicon," IEEE Pho- 
tonSclLLfilLl (Aug. 1989) 241 - 243. Similarly, WDMs are reported in C. Dragone, "An N x N Optical Multiplexer 
Using a Planar Arrangement of Two Star Couplers," IEEE Photon. Tech. Lett 3, (Sept. 1 991 ) 81 2 - 81 S. and in C. Drag- 
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one. et al.. "Integrated Optics N x N Multiplexer on Silicon," IEEE Photon. Tech. Lett. 3, (Oct 1 991) 896 - 899. 

On the SiOB chip, the spacing between waveguides is typically in the range 025 - 1 .0 mm. The radius of curvature 
of waveguides is typically 5-10 mm. Waveguide crossovers can be made having very low cross-talk (i.e., less than -45 
dB) and very low insertion loss (i.e., less than -0.05 dB) rf the waveguide crossover angle is greater than 15°. 

5 The waveguide loss is typically 0.02 dB/cm. The WDM channel spacing is typically 2 nm. The temperature shift AX 
of the WDMs is typically about 0.014 nrrVC. Such values of AX assure good environmental performance under field 
conditions. Moreover, active feedback can be employed at the central office in order to tune the OTDR monitor wave- 
lengths to the centers of the WDM channels if the backscattered signals suffer excessive loss due to detuning. 

The monitor wavelengths typically lie within nonteiecommunication bands such as 1430 nm - 1460 nm, or at 

w wavelengths greater than 1560 nm. The pulsed OTDR transmitter is, exemplarily, a DBR (distributed Bragg reflector) 
laser, having a tuning range of about 8-10 nm. 

The peak pulse power of the laser can be increased by as much as 1 1 dB, up to a maximum of about 1 50 mW, by 
integrating it with a semiconductor optical amplifier. Nonlinear back-scattering due to stimulated Briliouin effects (SBS) 
will not pose a problem since the high optical power is concentrated in individual narrow pulses at relatively low repeti- 

15 tion-rates. The power threshold for SBS is 



P « 21A * fl 
P **GL^ 

20 

where G = 2 x 10" 9 cm/watt, is the core area, and is the nonlinear effective length. 

For example, at a 100-ns pulse width (which implies that Leff = 20m) and with A^f = 50 um 2 , P m is approximately 
2.6 watts. This threshold value is substantially larger than the peak OTDR pulse power. 

The optical loss budget has been calculated for a 1 x 16 PON as described above. The loss budget is summarized 
25 in Table 1 . By way of explanation, the losses tabulated in the second and third columns of the table are the losses in 
excess of the signal loss in a PON without a monitoring system. 



Table 1 



30 


COMPONENT 


ASIG 


ONUASIG 


ONU A GHOST 


OTDR RT 




Electromechanical switch 








1.0 




Coarse WDM (OTDR access) 


0.6 






1.2 


35 


Coarse WDM (coupler bypass) 


0.6 






1.2 




SiOB Dense WDM 








5.0 




Coarse WDM (SiOB) (OTDR access) 


0.6 


0.6 


0.6 


1.2 




Coarse WDM (Fi-end filter) (recvr pigtail reflector) 


0.5 








40 


10 dB coupler (SiOB) (delay line access) 


0.75 


0.75 


10.0 






16x16 Star Coupler 




-15.00) 


-15.0(2) 






16 SM --> 1 MM (delay line interconnect) 




5.0 


2.0 




45 


2x1 MM fiber combiner (connect loopback fiber) 




3.0 


3.0 






Fiber loss (Outside plant) 








8.0 




Splice loss (Outside plant) 








11.2 


50 


TOTAL LOSS (dB) 
DBR (Power « 10 mw) 
DBR/w OA (Power * 150 mw) 


3.05 


-5.65 


0.6 


28.8 



(1) . signal loss through 16x1 6 coupler « 15 do 
assume MMF interconnect loss = 3 dB 

(2) . ONU MON ASKS bypasses 1 6x1 6 star coupler 
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Claims 

1 . A passive optical network having at least one input port and a plurality of output ports, said passive optica) network 
being responsive to input optical signals in a first wavelength region for routing said first-wavelength-region signals 
to respective individual output ports according to particular wavelengths of said signals within the first wavelength 
region, 

CHARACTERIZED IN THAT 

the passive optical network is responsive to input optical signals in a second wavelength region disjoint from 
said first wavelength region, for routing a portion of each of said second-wavelength-region signals into each of the 
output ports. 

2. A passive optical network according to claim 1 , said passive optical network being further responsive to third optical 
signals, for routing said third signals from respective individual ports at remote locations to a central location. 

3. A passive optical network according to claim 2, wherein said third optical signals lie within said first wavelength 
region. 

4. A passive optical network according to claim 2. wherein said third optical signals lie within said second wavelength 
region. 

5. A passive optical network according to claim 2, wherein said third optical signals lie within said first and second 
wavelength regions. 
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FIG. 9 
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FIG. 12 
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FIG. 14 
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FIG. 26 
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Description 

Field of the Invention 



s [0001] This invention relates to passive optica! networks. 
Art Background 

[0002] In a passive optical communication network as for example described in HILL AM: °, AN EXPERIMENTAL 
to BROADBAND AND TELEPHONY PASSIVE OPTICAL NETWORK*, communications: Connecting the Future, San 
Diego, Dec. 3-5, 1990, vol. 3, IEEE, pages 1856-1860, signals from a central office are transmitted through one or 
more coupling elements to as many as 64 optical network unit (ONU) receivers. Conventional monitoring techniques 
cannot readily be used to identify faults on individual fibers since the inputs and outputs from each ONU distribution 
fiber are conventionally multiplexed onto the same feeder fiber going to the central office. Optical time domain reflec- 
ts tometry (OTDR) has, in fact, been used to locate anomalous losses in passive optical networks. However, means have 
been generally unavailable for identifying features in the received OTDR signals with particular distribution fibers with 
adequate specificity. Moreover, coupling losses in conventional networks have reduced the sensitivity of OTDR tech- 
niques, placing large demands on the power of OTDR laser transmitters. 

20 Summary of the Invention 

[0003] The invention is useful in a network which includes a primary optical fiber to carry transmissions between a 
distribution node and a central office, multiple distribution fibers terminating at ONUs to carry transmissions between 
the ONUs and the node, and an optical coupler at the node. The network also includes a monitor for receiving trans- 

25 missions which may include diagnostic information, and additional optical fibers (referred to as "bypass lines - ) which 
convey portions of at least some transmissions from the distribution fibers to the monitor without passing through the 
coupler.. The network also includes passive components which physically label the transmissions in the bypass lines 
in such a way that diagnostic information can be ascribed to individual distribution fibers. The physical labeling is 
achieved by assigning to each distribution fiber one or more time delays, one or more monitor wavelengths, or a 

30 combination of time delays and wavelengths. In this way, coupling losses in monitored transmissions are reduced 
relative to conventional networks, and individual distribution fibers can be identified using purely passive components. 
[0004] With reference to FIG. 1, an optical communication network, exemplarily a telephone network, includes at 
least one single-mode optical fiber 1 0 for bidirectional transmission between a central office 20 and a distribution node 
30. The network further includes a multiplicity of optical network units (ONUs) 40 at locations which are remote with 

55 respect to the central office. Each such remote location is, e.g., a home, or office, or a curbside substation. The network 
is passive in the sense that all monitoring of the transmission media and the ONUs can be performed at the central 
office, without active intervention at remote locations. Significantly, most or all of the information needed for diagnosing 
faults in the network is impressed upon the monitored signals by passive components. The term "passive optical net- 
work" (PON) will hereinafter be used to describe each fiber 10, corresponding multiplicity of ONUs 40, and the inter- 

*o mediate network components which lie between them. (It should be noted that instead of bidirectional fiber 10, a pair 
of unidirectional fibers may be used. One such unidirectional fiber belongs to an inbound, and the other to an outbound, 
PON, as discussed below.) Multiple fibers 10 may emanate from a single central office, and thus one central office 
may support a multiplicity of PONs. 

[0005] Each ONU is capable of sending and receiving optical signals which represent digitized communication sig- 
45 nals. For signal transmission, each ONU includes, e.g., a solid state diode laser operating at a predetermined signal 
wavelength. Each ONU 40 communicates bidirectionally with node 30 by way of, e.g., one single-mode optical fiber 
50. (Alternatively, a pair of unidirectionally transmitting fibers may be provided in place of fiber 50. In such a case, as 
noted above, a pair of similar passive networks are provided, one for each direction of transmission between the central 
office and the ONUs.) Because transmissions from multiple ONUs are carried on a single fiber 1 0, some form of mul- 
50 tiplexing is needed. Accordingly, the network further includes means for synchronizing the transmissions from the ONUs 
in order to produce a time-division multiplexed signal that can be carried by fiber 10 toward the central office. That is, 
time-division multiplexing is used to interleave pulse packets from different ONUs. The bit rate within a packet is typically 
about 30 Megabit/s, and thus individual pulses are typically separated by about 35 ns. A guard band, typically about 
500 ns wide, is used to separate the pulse packets from different ONUs. 
55 [0006] Signals which are transmitted from the central office toward the ONUs will be referred to herein as "outbound 
signals". Signals transmitted oppositely will be referred to as "inbound signals." At node 30, each outbound signal is 
distributed from fiber 1 0 into multiple fibers 50. Fiber 1 0 (as well as additional fibers which function analogously to fiber 
10) will be referred to herein as a "primary fiber." Fibers 50 (and analogously functioning fibers) will be referred to as 
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'distribution fibers 1 because, inter alia, they distribute outbound signals to the ONUs. At least some of the components 
of the network have two ends which may be defined with reference to the directions of signal transmissions. That is, 
the end of such a component that is closer to a source of outbound signals is herein referred to as the 'proximal 1 end, 
because it is ■proximal" the central office. Similarly, the end that is closer to a source of inbound signals is referred to 

s as the "distal" end because it is "distal" the central office. 

[0007] At node 30, the outbound signal on fiber 1 0 is distributed by, e.g., star coupler 60. The exemplary star coupler 
has multiple ports on its distal end, and also has multiple ports on its proximal end. (Star coupler 60 is typically an N 
x N coupler where N is generally at least 8, and is more typically 16.) An end of fiber 10 is connected to one of the 
proximal ports, such that optical signals pass, e.g. , bidirectionally between fiber 1 0 and the star coupler. Each of fibers 

10 50 is connected, by one end, to one of the distal ports of star coupler 60, such that optical signals pass, e.g., bidirec- 
tionally between the respective fiber and the star coupler. Star coupler 60 (as well as additional star couplers which 
function analogously to it) is referred to herein as a B Stage-1 " star coupler. Significantly, star coupler 60 passively splits 
transmissions from the central office into fibers 50, and it passively combines transmissions from ONUs 40 into fiber 
10. (In alternate embodiments, separate inbound and outbound couplers are provided.) 

is [0008] The network also includes a monitor 70 which can be used to detect diagnostic signals. At least some of the 
signals received by monitor 70 are inbound signals which originate at one or more ONUs, but do not pass through star 
coupler 60. Instead, optical couplers 80 (which are, exemplarily, 10-dB couplers) are provided to divert portions of 
inbound signals from at least some of fibers 50 into the distal ends of corresponding bypass lines 90. Each of bypass 
lines 90 is a single-mode optical fiber. The proximal end of each bypass line 90 optically communicates (at least with 

20 respect to inbound transmissions) with monitor 70 such that inbound transmissions are delivered to the monitor without 
first passing through the star coupler. 

[0009] In an alternate embodiment, the inventive network includes OTDR monitor 220 of FIG. 12 instead of ONU 
monitor 70. The OTDR monitor is used to monitor optical loss in individual fibers, loss in splices and connectors, and 
the locations of fiber faults, such as breaks. At least a portion of the inbound OTDR diagnostic transmissions are 
2$ delivered to the OTDR monitor without first passing through the star coupler. Preferred embodiments include both an 
ONU monitor and an OTDR monitor. Still more preferably, the ONU monitor and the OTDR monitor are incorporated 
in the network using silicon optical bench (SiOB) technology, which is a technology of optical waveguide integrated 
circuit platforms. 

[001 0] One primary fiber can .serve, typically, as many as about 64 ONUs. Thus, about 640 ONUs are readily served 

30 from a single central office from which radiate ten primary fibers. 

[0011] It should be noted that although diagnostic information can be retrieved at the central office through the use 
of purely passive components, it may be useful to employ an optical amplifier in order to overcome signal loss in the 
network. Such an amplifier is readily incorporated in the single-mode fiber which carries the signal transmissions into 
the central office. In fact, such an amplifier is preferably located within the central office in order to avoid the need for 

55 remote pumping, and in order to facilitate replacement. In cases where transmission through such an amplifier would 
interfere with the monitoring scheme, means are readily provided for bypassing the amplifier. 
[0012] The invention is set out in claim 1, preferred forms heing particularised in the dependent claims. 

Brief Description of the Drawings 

40 

[0013] FIG. 1 is a schematic drawing of a network in which the invention may be used. 
[0014] FIG. 2 is a schematic representation of an exemplary single-mode-to-multimode optical coupler. 
[0015] FIG. 3 is a schematic representation of an alternate single-mode-to-muftimode optical coupler. 
[0016] FIG. 4 is a schematic representation of an exemplary N X N optical coupler useful as an alternative to a star 
45 coupler in practicing the invention. 

[0017] FIGS. 5 - 7 and 10 are representations of an exemplary monitor time base, showing possible relationships 
between received main pulses and received ghost pulses. 

[0018] FIG. 8 is a schematic representation of the inventive network in a currently preferred embodiment which 
includes a Stage-2 coupler as well as multiple Stage- 1 couplers. 
so [0019] FIG. 9 is a schematic representation of a network according to the invention which involves unidirectional 
fibers, incorporates passive components for both OTDR monitoring and ONU monitoring, and can be implemented on 
a monolithic silicon optical bench platform. 

[0020] FIG. 11 depicts an illustrative OTDR monitor time base, exhibiting an edge-like feature which could indicate 
a break in a fiber. 

55 [0021] FIG. 12 is a schematic representation of the inventive network in an alternate embodiment adapted for OTDR 
monitoring in which the bypass lines are coupled to the distribution fibers via wavelength division multiplexers, and 
OTDR monitoring is done via the primary fiber. 

[0022] FIG. 1 3 is a schematic representation of an OTDR monitor and an electromechanical switch for connecting 
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the monitor to one of a multiplicity of PON lines. 

[0023] FIG. 14 is a schematic representation of the inventive network in an alternate embodiment adapted for OTDR 
monitoring in which the bypass lines are coupled to the distribution fibers via 5-dB couplers or similar components, 
and OTDR monitoring is done via a loopback fiber. 
5 [0024] FIG. 1 5 is a schematic representation of the inventive network in an alternate embodiment adapted for OTDR 
monitoring, which includes a Stage-2 coupler and multiple Stage-1 couplers, and the same set of monitor wavelengths 
is assigned to each Stage-1 coupler. 

[0025] FIG. 1 6 is a schematic representation of the inventive network in an alternate embodiment adapted for OTDR 
monitoring, which includes a Stage-2 coupler and multiple Stage-1 couplers, and a different set of monitor wavelengths 
to js assigned to each Stage-1 coupler. 

[0026] FIG. 1 7 is a schematic representation of an illustrative circuit for detecting low received power from the ONUs. 
[0027] FIG. 18 is a schematic representation of an illustrative circuit for detecting a faulty ONU which is transmitting 
at random intervals. 

[0028] FIGS. 1 9 and 20 are graphs of voltage versus time, which illustrate the operation of a circuit for detecting a 
is faulty ONU which is transmitting continuously. 

[0029] FIG. 21 is a schematic representation of an illustrative circuit for detecting a faulty ONU which is transmitting 
continuously. 

[0030] FIG. 22 schematically depicts an illustrative PON, according to the invention in one embodiment, which is 
adapted to carry both broadcast services and services such as "switched video" services which are transmitted on 
20 specific channels to specific ONUs. 

[0031] FIG. 23 schematically depicts an illustrative splice enclosure within which a silicon optical bench platform 
embodying passive components can be housed. ~ '"■ 

[0032] FIG. 24 depicts an illustrative OTDR trace. 

[0033] FIG. 25 schematically depicts a modification of the PON of FIG. 22, in which each distribution fiber terminates 
2S jn a sub-distribution network. 

[0034] FIG. 26 schematically depicts an optical communication system, including the invention in one embodiment, 
which includes two unidirectional PONs. 

[0035] FIG. 27 schematically depicts a PON, according to the invention in one embodiment, which is adapted to 
carry narrowband, switched broadband, and broadcast broadband transmissions. 
30 [0036] FIG. 28 schematically depicts an optica! communication system, including the invention in one embodiment, 
which includes two unidirectional PONs, each adapted to carry narrowband, switched broadband, and broadcast broad- 
band transmissions. 

[0037] FIG. 29 schematically depicts a PON, according to the invention in one embodiment, which is adapted to 
carry switched video services, and is also adapted for in-service monitoring on designated channels. 



Detailed Description 



[0038] Turning again to FIG. 1, the network further includes a multimode fiber 100 which is optically coupled at its 
proximal end to monitor 70, and at its distal end to one or more proximal ports of star coupler 60, exclusive of the port 

40 to which fiber 1 0 is attached. (Embodiments of the invention which include star couplers are described for illustrative . 
purposes. Alternate embodiments of the invention which have the same architectures as those described, but which 
use splitters, combiners, and couplers other than star couplers are readily envisioned.) Fiber 1 00 (as welt as additional 
multimode fibers which function analogously to fiber 100) is referred to herein as a "Stage-1 loopback fiber". The 
proximal end of each of N bypass lines 90 is connected to the loopback fiber by means of a coupler 95 suitable for 

45 combining the output of N single-mode fibers into the multimode loopback fiber. As a consequence, inbound signals 
on the bypass lines are coupled into the loopback fiber, and from the loopback fiber into the monitor 
[0039] A suitable single-mode-to-muftimode coupler is conveniently described in terms of the single-mode fiber core 
diameter a, core-to-cladding refractive-index difference A, cladding refractive index n, and numerical aperture n.a. An 
exemplary, commercially available multimode fiber has a core diameter of 62.5 fim and a numerical aperture of about 

so 0.22. Thecoupler is formed, as shown in FIG. 2, by, in effect, tapering down to insignificant size the cladding thicknesses 
which separate the cores of N respective single-mode waveguiding channels 102. The resulting waveguide has a core 
diameter of N x a and a numerical aperture of n.a. In order to have efficient power coupling to the multimode loopback 
fiber, the numerical aperture of the loopback fiber should also be n.a., and the core diameter of the loopback fiber 
should be N x a. 

55 [0040] The coupler is exemplarily manufactured by fabricating glass waveguides on a silicon substrate 1 03. Suitable 
dimensions are a = 4 uxn, A = 0.014, and n.a. = 0.22. Manufacture of components on a SiOB platform typically involves 
oxidation of the surface of a single-crystal silicon substrate, followed by phosphosiiicate glass deposition, selective 
glass removal to define the waveguides, smoothing of the waveguides by heating, and deposition of a silica glass 
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cladding. These fabrication processes are described in U.S. Patent No. 4,902,086, issued to C.H. Henry and R.A. Levy 
on Feb. 20, 1990. 

[0041] An alternative coupling strategy, depicted in FIG. 3, uses fused fiber couplers instead of SiOB components. 
Exemplarily, single-mode fibers 105 are used having a = 8 ujti and aa. = approx. 0.1. The fibers are etched down to 

5 an outer diameter of about 40 ujti and then combined into a ribbon 4X4 array 1 06 with a separation of about 1 20 urn 
between the outermost core regions. A lens 107, such as a graded index rod lens, is used to image the array onto the 
end of a loopback fiber 108 having, e.g., a core diameter of 62.5 ujti and an outer diameter of 125 ujti. 
[0042] Thus, turning back to FIG. 1 , the loopback fiber is optically coupled both to star coupler 60 and to each of the 
bypass lines. As a result, a portion of each inbound transmission from ONUs 40 reaches the monitor via the star coupler, 

io and a portion of each transmission (with the possible exception of one ONU, denoted "ONIM" in the figure) reaches 
the monitor via a bypass line. Significantly, a known time delay is associated with the transmission through each of the 
bypass lines, relative to the corresponding transmission through the star coupler. (The delay corresponding to ONU1 , 
as represented in the figure, may be regarded as a zero delay.) Each delay is readily adjusted by means, e.g., of optica! 
fiber delay lines 110. Optionally, one or more transmissions in the bypass lines can even be advanced relative to the 

is transmissions through the star coupler, by adding a delay line between the star coupler and fiber 100. 

[0043] it is well known that multimode fibers generally exhibit greater dispersion than single-mode fibers. This would 
militate against the use of a multimode fiber as a loopback fiber. However, loopback fiber 1 00 is relatively short (typically, 
5 km or less), and is readily provided with a modest dispersion, e.g., about 1 - 4 ns/km. At such values, a multimode 
fiber is readily incorporated in the network without masking the features of the monitor pulse train. Furthermore, the 

20 use of a multimode fiber as a loopback fiber is very advantageous because optical coupling of the bypass lines to a 
multimode loopback fiber (but not to a single-mode fiber) is readily achieved through a multimode interface region such 
as coupler 95. If monitoring is carried out at the central office, it is advantageous (for reasons of economy) to carry the 
loopback fiber in the same cable as primary fiber 10. (Multimode fibers are practical to use even if the PON is upgraded 
to cany high bit-rate information such as HDTV or CATV from the central office to the ONUs. Even in that case, the 

25 ONUs will transmit back to the central office only relatively low bit-rate information, which the loopback fiber is designed 
to monitor.) 

[0044] it should be noted in this regard that in theory, neglecting coupling losses, a fraction (N - 1 )/N of the total 
power in the distal ports of N X N star coupler 60 can be collected by the loopback fiber by using the N - 1 proximal 
ports that are not connected to the central office. An alternative embodiment, which may be made as either a fused 
30 fiber or an SrOB component, is shown in FIG. 4. In that embodiment, sixteen proximal ports 400 are coupled to 16 
distal ports 410 through four sequential stages of 2 X 2 couplers 420, 430, 440, 450. 

[0045] A particular advantage of such an embodiment is that coupling losses can be reduced in high -bandwidth 
signals, which have a relatively low dynamic range. That is, four of the sixteen input fibers, carrying specified information 
(i.e., the fibers 470, denoted "CATV1 - CATV4* in the figure) can be coupled to the output fibers through only two of 
35 the four coupler stages, thus substantially reducing coupling loss. With respect to the four input fibers 470, the couplers 
stages 440 and 450 constitute four 1 x 4 combiners. 

[004S] All sixteen input ports of the constituent 2x2 couplers are accessible at the proximal end of the component. 
A single input port 460 connects the central office to all of the output ports. As noted, four input ports 470 connect four 
CATV input signals through two coupler stages to the output fibers. The remaining eleven proximal ports, i.e., ports 

40 480, are available for monitoring by interconnection with a loopback fiber. 

[0047] The time delays in the bypass lines are useful for passively identifying faults in the network. That is, any of 
the ONUs may fail. Such failures are typically manifested by failure to transmit, by continuous (cw) rather than pulsed 
transmission, by random pulsing at times not prescribed by the protocol for that ONU, or by random pulsing in the 
guard band. It is conventional to employ active means to identify the ONU which has failed. Such active means typically 

45 involve complicated ONU transmitters which include a back-face monitor pulse detector and a protocol for communi- 
cating problems back to the central office. It is also typically required to shut down each ONU, in turn, in order to search 
for the fault. By contrast, the inventive network can be monitored for fault detection without interrupting service trans- 
mission. Monitoring is done by monitor 70 (as well as by analogous, additional monitors), which is typically located at 
the central office. The diagnostic signals used for ONU fault identification may be the ordinary transmissions by the 

so ONUs and are not dependent on the system electronic protocol. 

[0048] Each ONU transmission produces a main signal, which is received by the monitor via star coupler 60, and a 
ghost signal, which is received via a bypass line, after a time delay which is associated with a respective one of ONUs 
40. (Of course a portion of each ONU transmission also goes to the central office via primary fiber 10. That portion 
represents the communication, as opposed to diagnostic, portion of the transmission.) Both the main signal and the 

55 ghost signal consist of trains of pulses. The ghost pulses appear only on the loopback fiber, and not on the primary 
fiber. By correlating the main and ghost signals, it is usually possible to identify individual ONUs. Accordingly, monitor 
70 includes a signal correlator which is able to identify ghost signals which arrive at predetermined delays relative to 
the main signal. 
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[0049] It the ONUs are operating normally, both the main signal and the ghost signal have high signal-to-noise ratios 
(S/N). The main pulses are strong because multiple (typically, N-1) proximal ports of the star coupler teed into the 
loopback fiber, and thus a relatively large fraction of each ONU output fed into the star coupler is delivered to the 
loopback fiber. The ghost pulses are strong because each delayed signal is delivered to the loopback fiber with only 

s coupling losses; i.e., because the delayed signal is not subdivided among multiple channels, it is free of distribution 
losses. The intensity of the ghost pulses may, in fact, exceed that of the pulses sent to the central office via fiber 10. 
In some cases, it may be necessary to attenuate the main pulses in order to optimize the detection capabilities of 
monitor 70. For example, it may be desirable to limit the intensity of the main pulses to once or twice the intensity of 
the ghost pulses. If such attenuation is desired, appropriate attenuation means are readily incorporated between the 

io bypass lines and the loopback fiber, or between the distribution fibers and their corresponding bypass lines. 

[0050] Shown in FIGS. 5 and 6 are portions of an exemplary time base of monitor 70. Portions of pulse trains from 
two ONUs, denoted ONU1 and ONU2 are visible, in, respectively, FIG. 5 and FIG. 6, together with corresponding ghost 
pulses. Shown in FIG. 7 is the same time base, with the pulse trains from the two ONUs overlapping. Correlations 
between main and ghost signals are readily detectable even in case of such overlapping of pulses. 

is [0051] In a currently preferred embodiment, depicted in FIG. 8, a single central office serves multiple primary fibers 
10a - 10d. (Multiplicities of four are shown in the figure for illustrative purposes only. The actual numbers to be used 
in practice are not limited by the depictions in the figures.) Bidirectional communication between the primary fibers and 
the central office takes place via a secondary fiber 1 20. Fiber 1 20 is also a single-mode optical fiber. Star coupler 1 30, 
referred to herein as a 'Stage-2 star coupler 0 , is provided to effect the optical coupling between the primary fibers and 

20 the secondary fiber. Each primary fiber is connected to a respective distal port of star coupler 130, and fiber 120 is 
connected to one of the proximal ports. As shown in the figure, at each of multiple distribution nodes, a primary fiber 
is optically coupled to a multiplicity of distribution fibers (shown as corresponding to ONU multiplicities 40a -~40d, 
respectively, in the figure) via a Stage-1 star coupler (shown as 60a - 60d, respectively, in the figure). A multimode, 
Stage-1 loopback fiber (shown as 100a - 100d, respectively, in the figure) is connected to at least one proximal port 

25 of each Stage-1 star coupler. Multiplicities of bypass lines (shown as 1 1 0a - 1 1 0d, respectively, in the figure) are provided 
to couple portions of inbound transmissions from at least some of the distribution lines associated with each node into 
the corresponding Stage-1 loopback fiber. The arrangement of distribution fibers, Stage-1 star coupler, primary fiber, 
bypass lines, and Stage-1 loopback fiber corresponding to each node is described by FIG. 1 and the related discussion. 
[0052] An alternative architecture, shown in FIG. 9, may be used when there is only unidirectional transmission (on 

30 a given fiber) between the central office and the ONUs. In that case, there are separate passive optical networks for 
inbound and outbound communications. All of the optical splitters are preferably fabricated on a single SiOB chip, and 
corresponding inbound and outbound fibers are situated in the same cable. The ONU monitoring network is preferably 
housed with network components linking outbound communication fibers. The outbound network includes primary fiber 
500 coupled to a proximal port of star coupler 510, and distribution fibers 520 coupled to distal ports of star coupler 

35 51 0. The inbound network comprises primary fiber 530 coupled to a proximal port of star coupler 540, and distribution 
fibers 550 coupled to distal ports of star coupler 540. In the inbound network, 1 0-dB couplers 560 couple the distribution 
fibers to corresponding bypass lines, and the proximal ports of star coupler 540 unoccupied by primary fiber 530 are 
coupled to a multimode loopback fiber. 

[0053] Referring back to FIG. 8, communication signals in a bidirectional architecture pass to and from the central 

^0 office on secondary fiber 1 20. Diagnostic signals, however, are transmitted to the central office on multimode fiber 1 40, , 
which is here referred to as a "Stage-2 loopback fiber." The proximal end of each of the Stage-1 loopback fibers (i.e., 
fibers 100a - lOOd of FIG. 8) is optically coupled to fiber 140. For example, the proximal ends of four or even more 
625/1 25-^im multimode fibers are readily fixed in a twondimensional array within a ferrule, and optically coupled, via a 
lens, into a single fiber having dimensions of, e.g., 62.5/125 urn, 80/125 nm, or 100/125 jum. Alternatively, a 1 X 4 

45 f used-fiber coupler is readily used to combine the outputs of fibers 1 00a - 1 0Od. 

[0054] In addition, a portion of the inbound transmissions on each (possibly excluding one, as shown in the figure) 
of the Stage-1 loopback fibers is diverted into the distal end of a corresponding Stage-2 bypass line 150. Each Stage- 
2 bypass line is a multimode fiber. The proximal ends of bypass lines 150 are optically coupled to fiber 140, e.g., at 
point 160, exemplarily by a 1 x 6 fused fiber coupler. 

so [0055] A known transmission delay is associated with each of the Stage-1 bypass lines, relative to transmissions 
that reach the Stage-1 loopback fiber via the corresponding Stage-1 star coupler. Similarly, a known transmission delay 
is associated with each of the Stage-2 bypass lines. As discussed above, such delays are readily adjusted by incor- 
porating, e.g., a fiber optic delay line. By contrast, the optical coupling of the Stage-1 loopback fibers into the Stage- 
2 loopback fiber at, e.g., point 160 does not add substantial relative delays between transmissions from the respective 

55 Stage-1 loopback fibers. 

[0056] The respective delays associated with, e.g., Stage-1 bypass lines 110a may be similar to, or even identical 
with, those associated with the other multiplicities of bypass lines. In order to assure that each delayed diagnostic 
signal reaches the monitor with a delay which is sufficiently unique to distinguish, e.g., line 100a transmissions from, 
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e.g., line 100b transmissions, the delays in lines 150 are added onto the delays in lines 110a - H0d. 
[0057] Shown in FIG. 10 is an exemplary monitor time base. Pulses from two distinct ONUs, denoted ONU21 (from 
multiplicity 40b of FIG. 8) and ONU31 (from multiplicity 40c) are shown. Pulses 170 are the main pulses. The same 
delay is introduced by each of the respective Stage-1 bypass lines, and thus at that stage, the same delay D11 is 

5 produced between each main pulse 1 70 and ghost pulse 1 80. However, distinct delays are produced by Stage-2 bypass 
lines 150. Thus, the inbound transmission from line 100b is delayed by an additional amount d1, producing, at the 
monitor, a singly delayed ghost pulse 1 90 and a doubly delayed ghost pulse 200. Similarly, the inbound transmission 
from line 100c is delayed by d2, producing singly delayed ghost pulse 190* and doubly delayed ghost pulse 200'. At 
least the doubly delayed pulses 200 and 200' are readily distinguished by unique delay times D11 + d1 , and D11 + d2, 

io respectively. 

[0058] The above-described embodiments are useful for identifying faulty ONUs in an optical communication net- 
work. However, faults may also occur in the optical fibers of the network. For example, fibers may break and losses 
may change due to environmental conditions. 

[0059] One method for locating such faults is the use of optical time-domain reflectometry (OTDR). This method 
is takes advantage of Rayleigh scattering in the optical network. Rayleigh scattering is an intrinsic loss effect that iso- 
tropically scatters a fraction of forward-propagating light over An steradians. In particular, some of the light is backscat- 
tered. In OTDR, a portion of the backscattered light, which is collected in the core of the fiber, produces inbound 
transmissions which are received at the central office and monitored overtime. Because backscatter occurs more or 
less uniformly throughout the fibers of the network, each feature in the outbound transmission gives rise to a continuous 
20 smear of echoes, distributed at a continuous range of delays, each delay corresponding to an optical path length 
between the central office and the point where that echo originated. If a fiber is broken, then echoes which would 
originate at points distal the break are either substantially attenuated or nonexistent. A corresponding edge-like feature 
appears on the OTDR monitor time base, as shown, e.g., in FIG. 11. 

[0060] With reference to FIGS. 12 and 13, the OTDR monitor 220 is a single-port test instrument, comprising a 
25 transmitter 222 and a receiver 224, which is coupled into the optical network through a coarse wavelength-division 
multiplexer (WDM) 226 located at the central office. Backscattered light, returning from the test fiber, is diverted to the 
OTDR monitor through a beamsplitter or fused fiber coupler located on the OTDR I/O port. It is desirable to use the 
same OTDR monitoring equipment for each separate network emanating from the central office. Depicted in FIG. 13 
is a 1 x m electromechanical switch that may be used to switch the OTDR I/O port to any one of the coarse WDMs 
30 which provide input to the m respective networks. 

[0061] The optical path length from the central office to the break is readily deduced from the delay that corresponds 
to this feature. Such a method is useful not only for locating fiber faults, but also for detecting loss changes in fibers, 
and monitoring losses at splices and connectors. 

[0062] However, when multiple fibers fan out from a distribution node in the network, it is impossible, without further 
55 refinements, to identify which of the multiple distribution fibers has a break distal the node. Such a refinement is provided 
by our invention, in an alternate embodiment to be described below. 

[0063] With further reference to FIGS. 12 and 13, the invention in one embodiment includes a primary fiber 10, a 
multiplicity of distribution fibers 50, and a Stage-1 star coupler 60, all interconnected substantially as described above. 
Also included is a multiplicity of bypass lines 210, each optically coupled at its distal end to one of the distribution fibers, 
40 and optically coupled at its proximal end to the primary fiber. From the centra! office, communication signals are trans- 
mitted along fiber 10 at the signal frequency, and from a variable-wavelength OTDR transmitter 222 (typically also 
located at the central office), diagnostic signals are transmitted along the same fiber at a multiplicity of monitor wave- 
lengths, all of which are different from the signal wavelength. 

[0064] The optical coupling between lines 1 0, 2 1 0, and 50 is arranged such that outbound transmissions at the signal 
45 wavelength pass into star coupler 50, but outbound monitor-wavelength transmissions do not. Instead, a spectrally 
discriminating component 230 diverts the monitor-wavelength transmissions into bypass lines 21 0. The monitor-wave- 
length transmissions are further subdivided such that a unique monitor wavelength, or wavelength range, is assigned 
to each of the bypass lines and corresponding distribution fibers. Such subdivision is exemplarily achieved by a second 
spectrally discriminating component 240. Each of components 230 and 240 is, exemplarily, a wavelength-division 
50 multiplexer (WDM). Relatively coarse wavelength resolution would suffice for component 230, since the spacing be- 
tween the signal wavelength and the central monitor wavelength can be made substantially larger than the spacing 
between respective monitor wavelengths. Higher resolution is then required of component 240, in order to resolve the 
individual monitor wavelengths. The distal end of each bypass line is optically coupled to the corresponding distribution 
fiber via another spectrally discriminating component 250, which is exemplarily yet another WDM. Components 250 
55 admit inbound transmissions at the monitor wavelengths to the bypass lines, but prevent such transmissions from 
entering star coupler 60. 

[0065] The arrangement described above permits each distribution fiber to be identified by a unique wavelength or 
wavelength range, while mitigating round-trip losses in the monitor transmissions by routing such transmissions around 
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star coupler 60. The OTDR transmitter includes, e.g. , one or more tunable lasers, or, alternatively, a series ot discrete, 
narrow-line lasers coupled to fiber 10 via WDM 226. 

[0066] In an alternate embodiment, depicted in FIG. 14, components 250 are not spectrally discriminating, but are, 
exemplarily, 5-dB couplers. In order to maximize the inbound monitor transmission, that transmission is collected from 

s at least some, and preferably all, of the proximal ports of star coupler 60 (exclusive of the port connected to fiber 10). 
Optically coupled to those ports is the distal end of multimode loopback fiber 270. Optical coupling is provided by, e. 
g., single-mode ribbon cable 280, which is connected to the star coupler, and by single-to-multiple mode coupler 290, 
which optically couples the transmissions from the multiple fibers of the ribbon cable into multimode fiber 270. Fiber 
270 carries the inbound monitor transmissions to the monitor via an optical filter 300, which removes the signal wave- 

io length from the transmissions. v 
[0067] In a preferred embodiment, there are multiple primary fibers, depicted in FIG. 15 as fibers 10a - 10d. (Four 
such fibers are shown in the figure for illustrative purposes. The actual number of primary fibers is not limited by the 
figure, and, in fact, will more typically be sixteen.) The optical arrangement of FIG. 12, including distribution fibers 50, 
couplers 250, bypass lines 210, star coupler 60, and couplers 230 and 240 is repeated once for each of the multiple 

T5 primary fibers. The proximal end of each primary fiber is optically coupled to the distal end of star coupler 31 0. Single- 
mode fiber 320, here referred to as a 'secondary fiber 8 is provided for bidirectional transmission of communication 
signals at the signal wavelength, and for at least outbound transmission of diagnostic signals at multiple monitor wave- 
lengths. Secondary fiber 320 is optically coupled to one of the proximal ports of star coupler 31 0. (Star coupler 31 0 is 
here referred to as a "Stage-2 star coupler. - ) Multimode fiber 330, here referred to as a "Stage-2 loopback fiber,' is 

20 provided to carry inbound monitor wavelength transmissions to the monitor. Fiber 330 is optically coupled to at least 
one, and preferably all, of the proximal ports of star coupler 310, exclusive of the port coupled to fiber 320. 
[0068] In the arrangement of FIG. 15, the same multiplicity of monitor wavelengths (denoted in the figure by Vrr-» 
^ n in for each multiplicity 50 of n distribution fibers) is at least partially repeated for each multiplicity 50 of distribution 
fibers. Thus, for example, monitor wavelength will be distributed into one distribution fiber from primary fiber 1 0a, 

2S and also into a corresponding distribution fiber from primary fiber 1 0b, etc. As a consequence of the redundant use of 
monitor wavelengths, further means are required to distinguish each distribution fiber from its counterparts that are 
associated with the same monitor wavelength. Such means are provided by the transmission delays associated with 
the different lengths of the respective distribution fibers. 

[0069] That is, the transmission delay between each distribution fiber which carries a given monitor wavelength and 
30 the monitor is readily determinable, and is, or is readily made, sufficiently unique to be used for identifying the distribution 
fiber. In order to impose readily distinguishable delays, it is straightforward to add fiber optic delay lines to, e.g., any 
of bypass lines 210. The width AT of OTDR-transmitted pulses is equivalent to the minimum round-trip propagation 
time and propagation length AL. (For example, a AT of 1 00 ns typically corresponds to a AL of about 1 0 meters.) Thus, 
the OTDR can be adapted to resolve loss changes within length increments of 1 0 meters or more by making AT equal 
35 to 1 00 ns or a proportionally greater value. 

[0070] The alternate embodiment of FIG. 16, like the embodiment of FIG. 15, includes repeated optical arrangements 
of the land depicted in FIG. 1 2. However, loopback fiber 330 is omitted and, instead, the inbound monitor-wavelength 
transmissions are sent to the central office on single-mode, secondary fiber 320. As in the preceding embodiment, 
signal-wavelength transmissions are coupled via star coupler 31 0 between the primary and secondary fibers. However, 
to unlike the preceding example, the monitor-wavelength transmissions are routed around the star coupler via a multiplicity 
of bypass lines, one for each primary fiber, (in the figure, the bypass lines are denoted 340a - 340d. Four bypass lines 
are depicted for illustrative purposes only; the depiction in the figure is not intended to limit the number that may be 
used. More typically, there will be sixteen primary fibers and sixteen bypass lines.) Bypass lines 340a - 340d are here 
referred to as 'Stage-2 bypass lines." 
45 [0071] The optical coupling between bypass lines 340a - 340d and the primary and secondary fibers is similar to the 
optical coupling described by FIG. 12 and the related discussion. That is, the distal end of each bypass line is optically 
coupled to the associated primary fiber via a spectrally discriminating component 350, exemplarily a WDM, which 
admits inbound signal-wavelength transmissions to star coupler 310, but routes inbound monitor-wavelength trans- 
missions into the bypass line. Spectrally discriminating components 360 and 370 are provided to admit outbound signal- 
so wavelength transmissions to star coupler 310, but to route outbound monitor-wavelength transmissions through the 
bypass lines: Component 360 is further provided in order to subdivide the monitor-wavelength transmissions and dis- 
tribute them into selected primary fibers according to wavelength. Each of components 360 and 370 is, exemplarily, a 
wavelength-division multiplexer (WDM). Relatively coarse wavelength resolution suffices for component 370, and high- 
er resolution is generally required of component 360. 
55 [0072] According to the embodiment of FIG. 1 6, a set of distinct monitor wavelengths is associated with each of the 
primary fibers and the corresponding distribution fibers. Wavelength sets corresponding to different primary fibers are 
disjoint; that is, no two primary fibers have any associated monitor wavelengths in common. Each wavelength set 
consists of at least one wavelength, but will more typically consist of four wavelengths. That is, each primary fiber will 
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typically be associated with sixteen distribution fibers. The distribution fibers will typically be divided into four groupings 
ot four fibers each. A unique monitor wavelength will be associated with each such grouping. Thus, ail four fibers within 
a grouping will share the same monitor wavelength. 

[0073] Because ail four fibers within a grouping will typically share the same monitor wavelength, additional means 
5 must be provided for distinguishing the fibers within a grouping. Transmission delays provide a ready solution to the 
problem. If inherent differences in transmission time are not sufficient, fiber optic delay lines, for example, are readily 
added to any of the Stage-1 bypass lines in order to provide adequately distinguishable delays. 
[0074] Referring back to FIG. 9, an OTDR monitoring network is readily made in which the optical fibers are used 
for unidirectional transmission only, and must therefore occur in pairs of PONS for purposes of bidirectional transmis- 
io sion. Moreover, such a network is readily integrated with an ONU-monitoring network and the passive components of 
such an integrated network are readily fabricated on, e.g., a SiOB chip. 

[0075] With further reference to FIG. 9, transmissions at the signal wavelength X s outbound from the central office 
are transmitted from primary fiber 500 through star coupler 510. Inbound transmissions from the ONUs at X 9 are trans- 
mitted from star coupler 540 to primary fiber 530. Transmissions at monitor wavelengths (indicated by dashed 
is arrows in the figure) propagate bidirectionally in each PON. OTDR transmission is toward the ONUs, and backscattered 
signals from the fiber media return toward the central office. In an exemplary diagnostic procedure, OTDR transmissions 
are made one monitor wavelength at a time, and an electromechanical switch is used to select the PON that is to be 
monitored. 

[0076] According to the network of FIG. 9, coarse WDMs 600 and 650 respectively divert outbound monitor-wave- 
20 length transmissions from primary fibers 500 and 530 into WDMs 610 and 630. WDMs 610 and 630 respectively dis- 
tribute the transmissions, according to their respective monitor wavelengths, into distribution fibers 520 via coarse 
WDMs 620, and into distribution fibers 550 via coarse WDMs 640. Conversely, inbound WDM transmissions that have 
been backscattered from the distribution fibers are coupled from inbound distribution fibers 550 into WDM 630 via 
coarse WDMs 640, and from outbound distribution fibers 520 into WDM 610 via coarse WDMs 620. The respective 
25 single-wavelength OTDR transmissions are combined by WDM 630 and coupled into inbound primary fiber 530 via 
coarse WDM 650, and combined by WDM 610 and coupled into outbound primary fiber 500 via coarse WDM 600. 
[0077] As noted, the output of monitor detector 70 can be used to identify problems at the ONU transmitters, and 
even to identify individual ONUs that are malfunctioning. Possible malfunctions include anomalously low transmission 
power, intermittent transmission at the wrong time (sometimes referred to as 'random' transmission), and continuous 
30 (i.e., cw) transmission. 

[0078] Monitoring of the ONU laser power at thecentral office involves two operations, namely, detection of low 
power in received signals, and tracking of such low power. Depicted in FIG. 17 is an exemplary circuit for low power 
detection. To detect low signal power, the output of the monitor detector is exemplarily fed to peak detector 900, and 
the peak detector output is compared to an appropriately selected threshold voltage level at, e.g. , comparator 901 . If 

55 the threshold is never exceeded during the time slot assigned to a given ONU, then a low-power alarm is activated; i. 
e., the state of an alarm line goes "high." In the figure, V 0 denotes the low-power threshold voltage. Because the time 
slot of each ONU is known, a priori, at the central office, it is not necessary to resort to the delay lines in order to identify 
a given ONU, at this stage of the diagnostic operations. However, the delayed signals must be considered in setting 
V 0 , since the signals received at the central office will generally include ghost pulses which are additively superimposed 

40 upon signal pulses. 

[0079] The probability of false alarm and the probability of 'miss' (i.e., failure to detect a low power transmitter), when 
a single time slot is monitored, are readily estimated. Assume, for example, that there are 400 bits in a time slot, and 
transmitted '1 's and "0's are equally probable. Then approximately one-fourth of the bit durations within the time slot, 
e.g., about 100 bit durations, will contain both signal and ghosted '1 's. The corresponding probability of false alarm is 
45 approximately given by 



P/fl - (l-0.5erfc(2(Vo-l)(l + a)Vs/N)] , 0) 



where a is the ratio of the amplitude of the ghosted pulses to the signal pulses, S is the signal level, and S/N is the 
signal-to-noise ratio. For example, if S/N = 8 dB, a = 0.5, and P fe = 10' 10 , the threshold level should be set at V 0 = 
1.087s (1+a). The probability of missing a low power level that falls A below the required level is approximately 



9 




EP 0 786 878 B1 




P«i» = 100 0.5erfc(2(V 0 -l-A)(l+a)VS/N) 



(2) 



5 



Thus, for the preceding example, the probability of missing a level 1 dB below the required level is approximately 1 fr 2 . 
Of course, this will decrease with repeated time slots. That is, after m time slots, the probability will decrease to PJJj^. 
[0080] By tracking the received power levels, it is possible to determine the point in time when a given ONU transmitter 
io begins to fail. In addition, since the received signal power levels from different ONUs can vary widely due to variations 
in transmission power and attenuation in fibers of varying lengths, the received power levels can also help to identify 
the ONUs that transmit at the wrong time. Signal power levels are readily tracked using, e.g., the peak detector of FIG. 
17, followed by an analog-to-digital converter. The signal level for each ONU is stored in a digital memory for later 
reference. 

is [0081] Random and cw transmissions are readily detected using a peak-detector circuit such as the circuit of FIG. 
17. During each time slot, the threshold should be set slightly higher than the signal (plus ghost and noise) level for 
the correct signal corresponding to that time slot, and in the guard band, the threshold should be set slightly higher 
than the noise level. The alarm line will be activated by the occurrence of a transmission at the wrong time, since the 
additive superposition of such a transmission will result in a peak which exceeds the threshold. 

20 [0082] The probability of false alarm for each bit is 



25 where S/N min is the signal-to-noise ratio for the minimum-power received signal, and V n ,0 £ £ 1 , is the threshold 
voltage normalized to S/N min in the guard band. During the relevant time slot, is augmented by (1 + a) Vs/N times 
the correct signal level. The probability of miss is then 



[0083] There are several ways to identify the randomly transmitting ONU. If the transmitted signal levels are all 
distinguishable, the output of the peak detector over a time slot or guard band can be used to identify the ONU. Even 
if the ONU levels are not all distinguishable, the peak level can still be useful in limiting the possible faulty ONUs. 
35 Electrical signal processing techniques, described below, can then be used to identify the faulty ONU from its ghosted 
signal. 

[0084] That is, the output of the monitor detector is readily divided into a pair of channels, and one channel is delayed, 
by a variable amount, relative to the other channel. The delayed and undelayed channels are correlated. Normally, in 
each time slot, the delay which gives the maximum correlation is the delay which has been established between the 
40 ONU signal assigned to that time slot and the corresponding ghosted signal. However, in case of a malfunction, a large 
correlation will also occur at a different delay (corresponding to the faulty ONU). 

[0085] FIG. 18 shows an exemplary circuit for practicing this technique. In line 902, the monitor output signal is 
processed by threshold detector 903 to determine the received bits. The threshold V n may be set at slightly below the 
■1" level. The bit stream in line 902 is then delayed in each of N successive shift registers 904. As a result, the bit 

45 stream at the nth node 905 is delayed by D„ seconds, where, e.g., D n = nd, n = 1 , — , N, and d is the delay per shift 
register. The monitor output signal is also fed into line 906, which has an optional, fixed delay 907. The signal in line 
906 is correlated with the signal in line 902 by using switches 908. In each switch, the signal from line 902, at a particular 
delay, is used to gate the signal from line 906 into a low-pass filter 909. The time constant of each of filters 909 is 
typically selected such that the output of the filter represents an effective correlation integral evaluated over about one 

so time slot, i.e., over 400 - 800 bit periods. At typical bit rates, the time constant is less than about 1 ms. The correlation 
levels, represented by the respective filter outputs, are compared in comparator 910 in order to determine the delay 
at which the maximum correlation occurs, excluding the delay corresponding to the correct ONU and any ONUs elim- 
inated by power monitoring (i.e., only delays for the possible faulty ONUs are considered). 

[0086] We expect that the above-described method will be very reliable, i.e., P fe and P mi$$ will be negligible, when 
55 correlations are taken over 100 or more bits. However, although it is unlikely, high correlations in the data produced 
by properly functioning ONUs may interfere with the fault detection, and unacceptably degrade the reliability. In such 
cases, more complex signal processing techniques, not based on correlations, can be used. One such technique is 



P fe = erfc(2V 1 V§?N^;). 



(3) 
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described below, in connection with the diagnosis of cw-mode failures. 

[0087] As noted, one failure mode results in cw ONU transmission. Correlation techniques are not useful for diag- 
nosing such failures, because the cw-mode failure of, e.g., the Ah ONU will result, D/ seconds later, in a constant- 
amplitude signal in the monitor output, representing the sum of the cw signal and its ghost. However, if the power level 
5 of the faulty ONU is distinguishable from that of the correct ONU (in the time slot where the faulty ONU commences 
cw transmission) we can identify the faulty ONU with the use of a peak detector, as described above in connection 
with power monitoring. Even if the ONU levels are not all distinguishable, the peak level can still be useful in limiting 
the possibly faulty ONUs. 

[0088] If power monitoring fails to identify the faulty ONU, it is necessary to identify the beginning of the cw trans- 
10 mission and the beginning of the cw ghost, without the use of correlation techniques. As noted, the monitor detector 
output in each time slot is normally an additive sum of main signal pulses and ghost signal pulses. The expected ghost 
signal is the main signal, delayed by the delay associated with that time slot, and appropriately attenuated. Normally 
if the expected ghost signal is subtracted from the bit stream, only signal levels of approximately "0 B and M ' will remain. 
However, if a cw transmission is present, anomalous signal levels will be observed. Specifically, if the faulty ONU has 
is a different received power than the correct ONU, the level of the first anomalous signal level in the received signal will 
limit the possible faulty ONUs. The faulty ONU can then be identified by the delay for which the next anomalous signal 
level occurs (different from the first), caused by the ghosted signal. This technique can easily identify the faulty ONU 
except for the case where the faulty ONU has approximately the same received signal level as the correct ONU. In 
this instance, a single anomalous signal level will be observed for a short time, and the faulty ONU can be identified 
20 as described below. 

[0089] Two cases will now be separately illustrated. In Case 1 , illustrated in FIG. 19, the ghost signal 911 from the 
faulty ONU (referred to, illustratively, as the /th ONU) has a delay which is smaller than the delay associated with the 
time slot being observed (which is assigned, illustratively, to the Jth ONU). Consequently, a portion of signal 911 is 
added to main signal 91 2 before the subtraction of expected ghost signal 91 3 begins. In Case 2, illustrated in FIG. 20, 
25 the /th delay is greater than the /th delay, and as a result, the subtraction of signal 91 3 commences before the addition 
of signal 911. 

[0090] In the first case, for a duration of D y - - D h the ghost of the cw signal will be present in the total, post-processing 
signal 914. In the second case, for a duration of D { - Dj, a deficit appears in the portion of signal 914 attributable to the 
cw main signal before the onset of the cw ghost. (It should be noted, with reference to FIGS. 19 and 20, that data from 

30 the correct ONU can add the "1 ■ level to the signal levels shown.) 

[0091] Thus, if a = 0.5, the duration of the signal level at 0.5, 1.5, or 2.5 times the T level determines the faulty 
ONU, or at worst, limits it to one of two possibilities. If this ambiguity is a problem, a different value of a (e.g., 0.75) 
can be used to distinguish the two cases. That is, since the anomalous levels are 1 + a and 2 + a (with a "1 ■ for the 
data of the correct ONU) for Case 1 , and 1 - a and 2 - a for Case 2, the signal levels for the two cases are distinguishable 

as if 1 + a * 2 - a; e.g., if a= 0.75. 

[0092] Figure 21 shows circuitry to implement the technique. In the figure, V., is the signal level for a B 1 a , and A is 
set to give a low false alarm rate P fe for a given S/N min . Because the correct identification of the faulty ONU requires 
correct level decisions, P mls$ is approximately the same as expressed in Equation (4). Thus, a cw-transmitting ONU 
is more difficult to identify than a randomly pulsing ONU. As shown in the figure, the output of monitor detector 915 is 

40 fed to adder 916, where the adder output, delayed by Dj in shift register 917 and attenuated by a, is subtracted. The 
adder output is fed, in parallel, into comparators 91 8A - 91 8E. The comparator outputs are coupled to the inputs of 
AND gates 91 9A and 91 9B and OR gate 920 such that the output of the OR gate will go high if the adder output is 
above twice the B 1 B range, between the B 1 B range and twice the B 1* range, or between the B 0 B and the B 1 B ranges. 
Counter 921 , clocked at the data rate, determines the duration of the anomalous signal level, which is I Dj - Dj I. 

45 [0093] The techniques described above are readily extended to treat more complicated diagnostic problems. For 
example, the correlation technique of FIG. 1 8, discussed above as a method for identifying a single, randomly pulsing 
ONU, is also readily used to identify multiple randomly pulsing ONUs. Each faulty ONU will contribute a large correlation 
at a specific delay time. Moreover, the peak detector of FIG. 17 will generally indicate the presence of more than one 
faulty ONU. 

so [0094] The technique of FIG. 21 can be used to identify multiple faulty ONUs with cw transmission, although there 
is a possibility that such identification will be inaccurate unless the faulty ONUs have distinguishable power levels. 
However, to confuse the cw-mode failure identification, two ONUs would have to commence cw transmission within a 
few bit periods of each other, i.e., within an interval which is typically less than one microsecond for a 16-ONU system. 
Such a coincidence is very improbable. 

55 [0095] A peak detector can be used to monitor received signal power even when the passive optical network includes 
concatenated splitters, as depicted, e.g., in FIG. 10. In such a network, it will generally be possible to identify faulty 
ONUs, or at least to limit the number of suspect ONUs, based on their received power levels. The correlation techniques 
of FIG. 18 are readily used to identify randomly pulsing ONUs in a concatenated network. In such a case, however, 
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each ONU will have not one, but three correlation peaks, corresponding to the delay in each of two splitters. If, for 
example, a = .5, the third correlation peak will be about one-half the magnitude of the first. 
[0096] The technique of FIG. 21 can be extended in ordertodetect cw-transmitting ONUs in a concatenated network. 
However, the processing steps and the circuitry will be more complex than those illustrated in the figure. 

5 [0097] In one scenario contemplated by planners of optical communication systems, a PON is initially used for nar- 
rowband (e.g., for telephonic) communication, and is later upgraded for broadband (e.g., CATV or HDTV) transmission, 
as well. As noted, an outbound signal in a passive star network is typically distributed to a group of ONUs by way of 
a 1 x 16 splitter, or the equivalent. The distribution losses which are incurred in the splitter are generally tolerable for 
purposes of narrow-band transmission, because the ONU receivers are relatively sensitive. However, broadband re- 

10 ceivers are generally less sensitive, and in at least some cases, may not tolerate the distribution losses. 

[0098] In one aspect, the invention provides a solution to this problem, and offers a convenient strategy for upgrading 
a PON so that it can deliver broadband analog or digital services between the CO and a group of ONUs, while also 
retaining a capacity for performance monitoring of the distribution fibers. 

[0099] A PON having such an upgrade capability is readily made using bidirectional fibers. Alternatively, a pair of 
is PONs having similar capability and consisting of an inbound and an outbound PON, is also readily made using unidi- 
rectional fibers. As noted below, it is advantageous to use a pair of unidirectional PONs in order to obviate the losses 
associated with the directional couplers (e.g., 3 dB couplers) which would otherwise be needed at the input and output 
ends of the network to separate the transmitted from the received signals. However, for the sake of brevity, the following 
discussion will be directed primarily to an exemplary, bidirectional PON. 
20 [0100] FIG. 1 2 and the associated discussion relate to a diagnostic scheme in which OTDR inbound and outbound 
signals are carried by primary fiber 1 0 and distribution fibers 50, but are shunted around star coupler 60. (More generally, 
component 60 may be any appropriate 1 x N splitter.) The OTDR transmissions occur at monitor wavelengths which 
are distinct from the signal wavelength. Component 230, exemplarily a coarse WDM, splits off outbound, and recom- 
bines inbound, monitor transmissions. Component 240, exemplarily a dense WDM, separates outbound, and recom- 
25 bines inbound, monitor transmissions according to respective monitor wavelengths. Each of components 250, which 
are exemplarily coarse WDMs, recombines outbound, and splits off inbound, monitor transmissions, relative to a re- 
spective one of the distribution fibers. 

[0101] It should be noted that in this regard, a "coarse WDM" is a component for separating optical transmissions 
into two relatively wide wavelength channels. For example, one channel might transmit wavelengths less than 1570 

30 nm, and the other channel might transmit wavelengths greater than 1 570 nm. Alternatively, one channel might transmit 
wavelengths in an intermediate range, such as 1 430 - 1460 nm, andthe other channel might transmit telecommunication 
wavelengths both above and below the Intermediate range, such as wavelengths near 1300 nm and wavelengths in 
the range 1500 - 1600 nm. By contrast, a "dense WDM" separates transmissions into N relatively narrow wavelength 
channels, Nan integer equal to 2 or more, and typically equal to 1 6. Thus, an exemplary 1 6-channel dense WDM might 

35 have individual channel widths of 0.5 - 4 nm. 

[0102] An arrangement analogous to that of FIG. 12 is readily employed for adding a broadband fcapability to the 
PON. In such an arrangement, shown in FIG. 22, wavelength-division multiplexing can be used to transmit specified 
signal channels to specific ONUs, in order, for example, to deliver requested video transmissions to subscribers. Such 
channels are sometimes referred to as "video on demand" channels, and the corresponding transmission service is 

40 sometimes referred to as a "switched video" service, in order to distinguish such channels and such service from the 
situation where the same broadband signal is indiscriminately transmitted to many ONUs. The latter type of service js 
sometimes referred to as a "broadcast video" service. 

[0103] With reference to FIG. 22, instead of (or in addition to) "monitor-wavelength" transmissions, "broadband- 
wavelength" transmissions are shunted around star coupler 60 by the coarse and dense WDMs and associated bypass 

45 lines. Exemplarily, each of coarse WDMs 230 and 250 provides two channels: Ch. 1 , having a passband of 1 280-1 320 
nm, which is transmitted through splitter 60; and Ch 2., having a passband of 1430 - 1460 nm, or 1570 - 1600 nm, 
which is diverted around the splitter. (The stated wavelength bands are purely illustrative and are not intended to limit 
the scope of the invention.) Dense WDM 240 exemplarily provides 16 channels, Ch. 1 - Ch. 16, with an interchannel 
spacing AX of 2 nm, and a combined passband ranging from about 1 430 nm to about 1 460 nm + 1 6AX. For outbound, 

50 broadband transmission, one or more lasers at the central office (CO) are tuned (or tunable) to transmit at one or more 
of the broadband wavelengths assigned to respective ONUs. For inbound, broadband transmissions, a laser at each 
ONU is tuned to transmit at the broadband wavelength assigned to that ONU. At the central office, broadband trans- 
missions are coupled into and out of primary fiber 10 by way of dense WDM 655 and coarse WDM 660. For purposes 
of bidirectional transmission, 3-dB directional couplers 665 and 670 are provided, respectively, at the central office and 

55 ONU termination points. - 

[0104] As discussed above in connection with FIG. 9, a silicon optical bench platform which includes a star coupler 
and the WDM bypass feature described here is readily made. As discussed, provision for ONU monitoring based on 
relative time delays in received signals is also readily included. Such a platform is readily packaged within, e.g., the 
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standard splice enclosure of FIG. 23. Such an enclosure typically measures 36 cm long X 8 cm high x 20 cm deep. 
As shown in FIG. 23, such an enclosure includes a splice tray 675, which supports portions of outbound primary fibers 
760, inbound primary fibers 780, outbound distribution fibers 792, inbound distribution fibers 794, bypass lines 90, and 
multimode taopback fiber 100. Also supported are splices (not shown) between those fibers and respective inbound 
5 and outbound silicon optical bench platforms 680 and 685. The bypass lines and loopback fiber extend into housing 
690, which contains fiber optic delay lines 110 (see FIG. 1). 

[0105] According to an illustrative scenario, telecommunication service is initially confined to narrow-band service 
(e.g., at a data rate of 64 kBs) in, e.g., the 1280-1340 nm region. In such an initial phase, the WDM bypass is used 
only for OTDR monitoring in order to diagnose media loss in service. Such use is particularly important during the initial 

10 deployment phase to ensure the health of the network portions lying distal splitter 60. For example, high resolution 
OTDR traces, similar to the illustrative traces of FIG. 24, may be used to isolate faults and other sources of loss. For 
illustrative purposes, FIG. 24 shows typical signatures of distribution loss in a 1 x 16 splitter (24.1 ), loss at a splice to 
the splitter enclosure (24.2), losses at interconnection points in the field (24.3), macrobend losses along the cable, 
such as might be cause by icing in a conduit (24.4), and loss at the ONU termination (24.5). 

is [0106] According to the illustrative scenario, broadband services are provided in a later phase. Because the WDM 
bypass is already in place, the upgrade is made without interrupting existing services, and the new channels are in- 
troduced without any need to physically enter the splitter housing. By traversing the WDM bypass instead of the (e.g.) 
1X16 splitter, the broadband transmissions avoid, typically, about 16 dB of distribution and other splitter losses. 
[0107] After broadband services are introduced, the use of the WDM bypass for OTDR monitoring of media losses 

20 j s confined to out-of-service periods. It may even be possible to adapt wavelength-dependent communication lasers 
at the CO as transmission sources for OTDR monitoring during such out-of-service periods. 
[0108] Shown in FIG. 25 is a modification of the network of FIG. 22, in which each of the distribution fibers, distal 
WDMs 250, terminates not in an ONU, but in a four-way distribution network. Narrowband transmissions are distributed 
into sub-distribution fibers 700 by 1 x 4 splitter 710, which is implemented by using, e.g., a 4 x 4 star coupler. Coarse 

25 WDM 720 shunts outbound, broadband transmissions around the splitter, and (in a bidirectional network) recombines 
inbound, broadband transmissions into the distribution fiber. A terminal enclosure containing such a distribution network 
is readily installed at, e.g., a curbside location, from which sub-distribution fibers can be extended to, e.g., one or more 
residential buildings. According to such a modification, each channel of each of WDMs 250 is segmented into four 
subchannels. This is readily achieved if, for example, each of WDMs 250 has a channel width of 2 nm, segmented by 

30 a respective one of curbside dense WDMs 740 into four channels, each of width 0.5 nm. Alternatively, each of WDMs 
250 may have a channel width of 4 nm, segmented into four 1-nm channels. Each of coarse WDMs 730 recombines 
outbound, subchannel transmissions into the corresponding sub-distribution fiber, and (in a bidirectional network) di- 
verts inbound, subchannel transmissions into WDM 740. 

[01 09] Shown in FIG. 26 is a pair of unidirectional PONs adapted to provide broadband service. At the central office, 

35 WDM 750 for combining outbound signals onto primary fiber 760, and second WDM 770 for separating inbound signals 
from primary fiber 780, are provided. OTDR receiver 800, which is switched between the inbound and outbound PONs, 
is also advantageously provided for diagnosing the respective PONs. Primary fibers 760 and 780 are conveniently 
housed together in a single feeder cable 810. Skilled practitioners will recognize that the unidirectional networks of 
FIG. 26 are readily extended to include the curbside, sub-distribution networks of FIG. 25. 

40 [01 10] In addition to providing switched video, the networks of FIGS. 22, 25, and 26 can be used to provide broadcast 
video (or other broadband) service. In such use, the broadcast video transmissions are distributed through bidirectional 
splitter 60 or outbound splitter 51 0 (as well as curbside splitters 71 0 if they are used) to ail ONUs served by the PON. 
If the broadcast service cannot tolerate 1/N splitter losses, an erbium-doped fiber amplifier may be used to compensate 
for splitter losses. With the benefit of such amplification, it will be feasible for a single primary fiber to simultaneously 

45 serve as many as 16, or even more, ONUs. 

[01 11] A PON adapted to carry narrowband, switched broadband, and broadcast broadband transmissions is depict- 
ed in FIG. 27. Coarse WDMs 820 and 830 separate the broadband signals from the narrowband signals. As discussed 
above, coarse WDM 830 shunts switched broadband signals around splitter 60. Such signals are exemplarily at wave- 
lengths of 1430 - 1460 nm, or, alternatively, wavelengths greater than 1570 nm. Coarse WDM 820 diverts narrowband 

so signals out of the primary fiber at a point proximal WDM 830 Such signals are exemplarily at a wavelength of 1300 
nm. The narrowband signals are fed into an input port of splitter 60. (As depicted in FIG. 27, such port is the bottom 
port.) The broadcast broadband signals, which lie in the exemplary wavelength range 1530 - 1560 nm, are fed into a 
different input port of splitter 60. (As depicted in the figure, such port is the top port.) At a location proximal the relevant 
input port, the broadcast broadband signals pass through fiber amplifier 840. Fiber amplifier 840 is remotely pumped 

ss by 1480 nm light transmitted from the central office. 

[0112] In an alternative configuration, the fiber amplifier is installed in the central office, and outbound, broadcast 
broadband signals are already amplified by amplifier 840 when they are injected into the primary fiber. In such a con- 
figuration, the narrowband and the broadcast broadband signals can travel the same path to splitter 60 and can enter 
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the splitter through the same input port. 

[0113] An optical isolator is desirably used in conjunction with the fiber amplifier. Such an isolator would limit trans- 
mission to the outbound direction. As depicted in simplified fashion in FIG. 28, an outbound, unidirectional PON 850 
would carry outbound transmissions, and a second, unidirectional PON 860 would provide transmission in the inbound 
5 direction. 

[0114] As noted, switched video services, exemplarily at wavelengths greater than 1570 nm, are shunted around 
splitter 60. The same wavelengths can also be used to provide an out-of-service monitoring function. In order to provide 
in-service monitoring, an additional WDM bypass is readily provided around splitter 60 for designated monitor channels 
lying, e.g., in the wavelength range 1430 - 1460 nm. Such a bypass is shown in FIG. 29. 
10 [0115] In the WDM bypass of FIG. 29, coarse WDM 870 shunts the monitor-wavelength transmissions around splitter 
60, and into dense WDM 880. From WDM 8B0, each monitor channel is fed into a corresponding distribution fiber by 
one of coarse WDMs 890. 

[0116] The configurations of FIGS. 22 and 25 - 29 offerthe advantage that service upgrades are readily effected by 
adding new services at new wavelengths, without any need to interrupt existing services or to physically alter already- 
is installed (feeder fiber) PON splitters. 

Example 

[01 17] FIG. 9 shows the architecture for a single SiOB platform capable of supporting a PON in which a unidirectional, 
20 outbound, primary fiber 500 and a unidirectional, inbound, primary fiber 530 serve sixteen ONUs. (A simpler analog 
of this architecture, using bidirectional fibers, is readily apparent.) Except for the delay lines, all passive components 
needed for signal distribution, ONU monitoring, and OTDR monitoring are integrated on a single silicon wafer, typically 
1 2 cm in diameter. Such a chip is typically housed within an enclosure situated in the field, e.g., at a curbside location. 
Delay lines are typically formed as lengths of optical fiber which are coupled to access points on the chip, because 
25 # spatial constraints militate against integrating them as waveguides on the chip. 

[0118] Designs of SiOB passive devices, useful in this context, have been published. For example, a 19 X 19 star 
coupler has been reported in C. Dragone, et al., "Efficient Multichannel Integrated Optics Star Coupler on Silicon," 
IEEE Photon. Tech. Lett. 1, (Aug. 1989) 241 - 243. Similarly, WDMs are reported in C. Dragone, "An N X N Optical 
Multiplexer Using a Plana" Arrangement of Two Star Couplers," IEEE Photon. Tech. Lett. 3, (Sept. 1991) 812 - 815, 
30 and in C. Dragone, et al., "Integrated Optics N x N Multiplexer on Silicon," IEEE Photon. Tech. Lett. 3, (Oct. 1991) 
896 - 899. 

[0119] On the SiOB chip, the spacing between waveguides is typically in the range 0.25 - 1.0 mm. The radius of 
curvature of waveguides is typically 5-10 mm. Waveguide crossovers can be made having very low cross-talk (i.e., 
less than -45 dB) and very low insertion loss (i.e., less than -0.05 dB) if the waveguide crossover angle is greater than 

35 15°. 

[0120] The waveguide loss is typically 0.02 dB/cm. The WDM channel spacing is typically 2 nm. The temperature 
shift AX of the WDMs is typically about 0.014 nm/°C. Such values of AX assure good environmental performance under 
field conditions. Moreover, active feedback can be employed at the central office in order to tune the OTDR monitor 
wavelengths to the centers of the WDM channels if the backscattered signals suffer excessive loss due to detuning. 
40 [01 21] The monitor wavelengths X,,^ typically lie within nontelecommunication bands such as 1 430 nm - 1 460 nm, 
or at wavelengths greater than 1560 nm. The pulsed OTDR transmitter is, exemplarily, a DBR (distributed Bragg re- 
flector) laser, having a tuning range of about 8-10 nm. 

[0122] The peak pulse power of the laser can be increased by as much as 11 dB, up to a maximum of about 150 
mW, by integrating it with a semiconductor optical amplifier. Nonlinear back-scattering due to stimulated Brillouin effects 
45 (SBS) will not pose a problem since the high optical P9^er is concentrated in individual narrow pulses at relatively low 
repetition-rates. The power threshold for SBS is P^ « QL eff , where G = 2 x 1 0* cm/watt, A^ is the core area, and L^ 
is the nonlinear effective length. eff 

[0123] For example, at a 100-ns pulse width (which implies that 1^= 20m) and with A^ = 50 uM P ft is approximately 
2.6 watts. This threshold value is substantially larger than the peak OTDR pulse power. 
so [0124] The optical loss budget has been calculated for a 1 x 16 PON as described above. The loss budget is sum- 
marized in Table 1. By way of explanation, the losses tabulated in the second and third columns of the table are the 
losses in excess of the signal loss in a PON without a monitoring system. 



Table 1 
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COMPONENT 


ASIG 


ONUASIG 


ONU A GHOST 


OTDR RT 


Electromechanical switch 








1.0 
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Table 1 (continued) 



COMPONENT 


A SIG 


ONU A SIG 


ONU A GHOST 


OTDR RT 


L/Oal5e VVLMVI \KJ 1 Urn dCCcoo/ 


u.o 






1 0 










1 0 


CiiOR Dane: a WDM 








o.u 


Coarse WDM (SiOB) (OTDR access) 


0.6 


0.6 


0.6 


1.2 


Coarse WDM (Fi-end filter) (recvr pigtail reflector) 


0.5 








10 dB coupler (SiOB) (delay line access) 


0.75 


0.75 


10.0 




16x1 6 Star Coupler 




-15.00) 


-15.0(2) 




16 SM --> 1 MM (delay line interconnect) 




5.0 


2.0 




2x1 MM fiber combiner (connect loopback fiber) 




3.0 


3.0 




Fiber loss (Outside plant) 








8.0 


Splice loss (Outside plant) 








11.2 


TOTAL LOSS (dB) 
DBR (Powers 10 mw) 
DBR/w OA (Power = 1 50 mw) 


3.05 


-5.65 


0.6 


28.8 



(1) . signal loss through 16x16 couplers 15 db 
assume MMF interconnect loss = 3 dB 

(2) . ONU MON A SIG bypasses 16x16 star coupler 



Claims 



1 . A passive optical network having at least one input port and a plurality of output ports, said passive optical network 
being responsive to input optical signals in a first wavelength region for routing said first-wavelength-region signals 
to respective individual output ports according to particular wavelengths of said signals within the first wavelength 
region, 

CHARACTERIZED IN THAT 

the passive optical network is responsive to input optical signals in a second wavelength region disjoint from 
said first wavelength region, for routing a portion of each of said second-wavelength-region signals into each of 
the output ports. 

2. A passive optical network according to claim 1 , said passive optical network being further responsive to third optical 
signals, for routing said third signals from respective individual ports at remote locations to a central location. 

3. A passive optical network according to claim 2, wherein said third optical signals lie within said first wavelength 
region. 

4. A passive optical network according to claim 2, wherein said third optical signals lie within said second wavelength 
region. 

5. A passive optical network according to claim 2, wherein said third optical signals lie within said first and second 
wavelength regions. 



Patentanspruc he 

1. Passives optisches Netz mit mindestens einem Eingangsport und einer vlelzahl von Ausgangsports, wobei das 
passive optische Netz auf optische Eingangssignale in einem ersten Wellenlangenbereich reagiert, urn die Signale 
des ersten Welienlangenbereichs gemaB bestimmter Wellenlangen der Signale in dem ersten Wellenlangenbe- 
reich zu jeweiligen einzelnen Ausgangsports zu lenken, 
dadurch gekennzeichnet, daB 

das passive optische Netz auf optische Eingangssignale in einem zweiten Wellenlangenbereich reagiert, 
der von dem ersten Wellenlangenbereich getrennt ist, urn einen Teil jedes der Signale des zweiten Welienlangen- 
bereichs in jeden der Ausgangsports zu lenken. 
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2. Passives optisches Netz nach Anspruch 1 , wobei das passive optische Netz weiterhin auf dritte optische Signale 
reagiert, urn die dritten Signale aus jeweiligen einzelnen Ports an entfernten Standorten zu einem zentralen Stand- 



s 3. Passives optisches Netz nach Anspruch 2, wobei die dritten optischen Signale in dem ersten Wellenlangenbereich 
liegen. 

4. Passives optisches Netz nach Anspruch 2, wobei die dritten optischen Signale in dem zweiten Wellenlangenbe- 



5. Passives optisches Netz nach Anspruch 2, wobei die dritten optischen Signale in dem ersten und dem zweiten 
Wellenlangenbereich liegen. 



is Revendlcations 

1. Reseau optique passif ayant au moins un port d'entr6e et une plurality de ports de sortie, ledit rdseau optique 
passif 6tant sensible k des signaux optiques d'entr6e dans une premiere region de longueurs d'onde pour ache- 
miner lesdits signaux de la premiere region de longueurs d'onde vers des ports de sortie individuels respectits 

20 conformSment k des longueurs d'onde particulferes desdits signaux dans la premiere region de longueurs d'onde, 
CARACTERISE EN CE QUE 

le r6seau optique passif est sensible k des signaux optiques d'entrSe dans une deuxfeme r6gion de longueurs 
d'onde disjointe de ladite premiere region de longueurs d'onde, pour acheminer une partie de chacun desdits 
signaux de la deuxfeme region de longueurs d'onde dans chacun des ports de sortie. 

2$ 

2. Roseau optique passif selon la revendication 1 , ledit r6seau optique passif 6tant en outre sensible k des troisfemes 
signaux optiques, pour acheminer lesdits troisfemes signaux depuis des ports individuels respectits situ6s k des 
emplacements distants jusqu'S un emplacement central. 

30 3. RSseau optique passif selon la revendication 2, dans lequel lesdits troisfemes signaux optiques sont situ§s dans 
ladite premiere region de longueurs d'onde. 

4. Roseau optique passif selon la revendication 2, dans lequel lesdits troisidmes signaux optiques sont situ6s dans 
ladite deuxfeme region de longueurs d'onde. 



5. Roseau optique passif selon la revendication 2, dans lequel lesdits troisiemes signaux optiques sont situ£s dans 
lesdites premiere et deuxteme regions de longueurs d'onde. 



ort zu lenken. 



reich liegen. 
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(57) Abstract 

Device for adding/dropping optical signals into/from an optical transmission path, including input means for at least two optical 
signals with distinct wavelengths, comprising: spectral selection means for sending at least a first signal to a first optical path and at least 
a second signal to a second optical path; at least a wavelength selective switching means along at least one of said first and second optical 
paths, for adding and dropping at least one optical signal having a predetermined wavelength selected from the optical signal wavelengths. 



